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1. Introduction 
1.1 Whey production and main components of whey 
Sweet whey is a by-product of enzymatic cheese manufacturing process. Cheese milk is 
subjected to enzymatic treatment with rennin, or chymosin by other name (EC 
3.4.23.4.), which attacks the peptide bond between phenylalanine (Phe106) and 
methionine (Met105) of micellar surface protein κ-casein (Delfour et al., 1965). This 
protein is embedded in a casein micelle so that the hydrophobic part is inside the 
micelle, and the hydrophilic part protrudes from the casein micelle. It is important to the 
stability of the milk protein system, as it keeps the micelles in aqueous phase and apart 
from each other. As chymosin cuts the specific peptide bond, the hydrophobic part, 
called κ-casein macropeptide, remains in the solution (whey), as the now hydrophobic 
caseins unite and form a water-insoluble curd, of which cheese is produced (Kessler, 
2002). All milk proteins and other solutes that remain in the aqueous phase after 
removal of the curd are whey components.  
From 10 litres of milk, approximately 1 kg of cheese and 9 kg of sweet whey are 
obtained. Whey is a very dilute solution: the total solids concentration is 5 to 6 g/100 g 
of whey, depending on the cheese type and the amount of water added during 
production of cheese. The total solids of sweet whey consist of lactose (75-77%), 
protein (12 to 14%), minerals (8 to 9%) and organic acids (2-3%) (Morr and Ha, 1993). 
Whey protein is a diverse mixture of true proteins, peptides and non-protein (NPN) 
components. Whey proteins are defined as the components that are soluble at pH 4.6 in 
their native form (Fox, 2003).  
The most abundant whey protein is β-lactoglobulin (β-LG), which consists of 
approximately 50% of whey proteins (2 to 4 g/kg of whey) and 12% of the total proteins 
in milk (Figure 1). The most common genetic variants of β-LG are A and B, other 
variants C, D, E, F and G has been found (Fox, 2003). The molecular weight (MW) of β
-LG is ca.18.3 kDa consisting of 162 amino acids (Fox, 1989). It is a dimer at pH 5.2-
7.5 (36 kDa), octamer (147 kDa) at pH 3.5-5.2 and monomer (18 kDa) at pH less than 
3.5. The isoelectric point (pI) of β-LG is 5.35-5.49. Human milk does not contain β-LG 
(Eigel et al., 1984). β-LG is largely responsible for the functional properties of whey 
proteins. It contains five cysteine (Cys) residues, of which four are linked with each 
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other with covalent disulphide (S-S) bonds, leaving one highly reactive free sulfhydryl 
(thiol) group (R-SH).  
The concentration of α-lactalbumin (α-LA) in bovine milk is 1 to 1.5 g/kg, consisting 
15 to 20% of whey proteins and 4-5% of the total proteins in milk (Figure 1). The MW 
of α-LA is ca. 14 kDa, the pI 4.8. Of the genetic variants A, B ja C of α-LA, only 
variant B exists in bovine milk. Variants A and B consist of 123 and variant C of 124 
amino acids (Fox, 2003). α-LA is a metalloprotein and capable of binding Al3+, Ca2+, 
Mn2+, Mg2+, Zn2+, Cd2+, Co2+, Na+ ja K+ -ions. Ca2+ is an essential structural component 
of native α-LA (Brew ja Grobler, 1992). α-LA is a major protein component in human
milk (Eigel et al., 1984). There is no free thiol group in α-LA, since it contains four Cys 
residues, all of which all are involved in disulphide bonding. 
κ-casein macropeptide (caseinomacropeptide or CMP) is the largest group of 
glycosylated proteins in whey, and their application possibilities have been studied 
extensively (Kreuss and Kulozik, 2006). The amount of κ-casein of total casein is 12-
15% (Figure 1), and of this approximately 40% is enzymatically cleaved into CMP
(Swaisgood, 2003a; Swaisgood, 2003b), resulting in an average CMP yield of 50-58 
g/kg casein, consisting of 20-25% (1.2-1.5 g/kg) of total proteins in rennet whey 
(Marshall, 1991; Thomä-Worringer et al., 2006). The content of the glycosylated CMP 
(GMP) ranges from 30% (Casal et al., 2005) to 60% (Lieske and Konrad, 1996; 
Vreeman et al., 1986) of total CMP. The pI of the GMP molecule is in a range of 2.8-
4.1, whereas the pI of the non-glycosylated CMP is 4.2-4.3. At the pI, the CMP 
molecule loses the net charge and consequently the layer of water molecules, resulting 
in reduction of the apparent MW from 20 to 8 kDa (Kawasaki et al., 1993, Lieske et al., 
2004a). Caseinomacropeptides are not affected by high-temperature heat treatment at 
the pH of milk, but under acidic conditions it is deglycosylated (Lieske et al., 2004b; 
Lieske et al., 2004c). Total caseinomacropeptides are referred in this text as CMP, and 
the glycosylated part as GMP.  
The concentration of bovine serum albumin (BSA) is 0.1-0.4 g/kg, consisting of 3-10% 
of bovine whey proteins (de Wit, 1998; Fox, 2003). The concentration is similar in 
human milk (Davies, 1974). The MW of BSA is 66 kDa and pI 5.1. BSA is a large 
protein consisting of 582 amino acids. The human BSA consists of 585 amino acids 
(Fox, 2003). In addition to 17 Cys residues, BSA has one free thiol group (-SH), 
                                                                19
enabling the BSA molecule to self-aggregate, like β-LG, or form covalent bonds with β-
LG and other proteins (Morr and Ha, 1993).  
The immunoglobulins are a diverse group of proteins. There are four main types of 
immunoglobulins in bovine milk, IgA, IgM and IgG1 and IgG2, of which ca. 85% is 
IgG1 (Lindström et al., 1994). The concentration of immunoglobulins in bovine milk is 
0.6-1.0 g/kg (Mehra et al., 2006; de Wit, 1998). It consists of four subunits, two light 
chains and two heavy chains. The MW of IgG is 150 kDa (Fox, 2003). Even though 
bovine IgG is very heat labile (Figure 3) it remains intact during normal pasteurisation 
of 72°C for 15 s according to Mainer et al. (1997). 
The concentration of lactoferrin (LF) in bovine milk is 0.02-0.2 g/kg (Steijins and 
Hooijdonk, 2000; de Wit, 1998). Bovine LF is a large protein molecule (MW 80 000 
Da), with 689 amino acid residues (34 Cys residues) (Pierce et al., 1991). LF consists of 
four domains, N1, N2, C1 and C2, between which ferric iron (Fe3+) is bound (Steijins 
and Hooijdonk, 2000). The theoretical pI value of LF is 9.4 (Steijins and Hooijdonk, 
2000). 
According to Treblay et al. (2003), the non-protein nitrogen fraction (NPN) is defined 
as the nitrogenous components that are soluble in 12% trichloric acetic acid (TCA). 
Some NPN components are indigenous to milk, some are formed during the cheese 
process (Figure 1). Proteose-peptones (PP), which are formed from β-casein by plasmin 
action, and κ-casein macropeptides, or caseinomacropeptides, are only partially 
(approximately 70%) soluble in 12% TCA (van Bockel, 1993) and accordingly belong 
partially to protein and partially to the NPN fraction. 
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Milk proteins (30-35 g/L)
Enzymes (0.03 g/L)***
     CHEESE WHEY NPN (230-420 mg/L)
          Caseins   (24-28 g/L)     Whey proteins Urea 84
Uric acid 23
           βLG LP*** Creatine 39
    βcasein (A-F)         αS1-casein (A-G)     α-LA          (2-4 g/L)           (0.03-0.1 g/L) α-amino-N 37
     (9-11 g/L) (12-15 g/L) (1-1.5 g/L) Ammonia 7
   BSA LF (0.1-0.2 g/L)*** Creatinine 5
αS2-casein (A-D) (0.1-0.4 g/L) Other 88
(3-4 g/L)                 κ-casein (A-G) 
                Chymosin action     (3-4 g/L) Immunoglobulins**
                    Plasmin action  (0.6-1 g/L)
Para-κ-casein
   Caseinomacropeptides          IgM   IgG
(1.8-2.4 g/L) (0.04-0.01 g/L) (0.15-0.8 g/L)
    PP3, 5, 8         (1.2-1.6 g/L)       IgA
    (0.3-0.5 g/L)****             (0.05-0.1 g/L)
                  CMP        GMP
              (0.6-0.8 g/L)      (0.6-0.8 g/L) IgG1    IgG2
          (0.3-0.6 g/L) (0.06-0.12 g/L)
Proteose-peptone fraction
 osteopontin (10 mg/L)*****
Figure 1. The concentration of main milk protein components and their division into 
cheese and whey fractions. The data was adapted from Swaisgood (2003), *Fox (2003), 
** Mehra et al. (2006), ***de Wit (1998) and ****Treblay et al. (2003), *****Sorensen 
and Pedersen (1993). CMP=non-glycosylated caseinomacropeptides, GMP = 
glycosylated caseinomacropeptides. LF=lactoferrin, LP=lactoperoxidase, PP=proteose-
peptone fraction α-LA=α-lactalbumin, β-LG=β-lactoglobulin, BSA=bovine serum 
albumin.  
1.2 Whey processing and whey products 
The whey must be clarified from casein and fat residues, concentrated, demineralised 
and dried in order to be usable in the food industry (Pearce, 1992; Hoppe and Higgins, 
1992). The end product may be demineralised whey powder (DWP), protein-enriched 
whey protein concentrate or isolate (WPC/WPI), or protein fractions (Figure 2). This 
work does not discuss lactose or lactose derivates, as they have been exhaustively 
reported by Harju (1991). 
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       WPC              DWP WPI Enriched fraction
   35-80% protein          12-14% protein            90-95% protein 80-95% protein
    60-15% lactose          75-82% lactose                < 1% lactose   < 10% lactose
       2-9% minerals                1-6% minerals                < 1% minerals     < 5% minerals
Milk intake 
from dairy 
farms
Cheese milk 
standardisation 
(fat:protein)
Starter culture 
and rennet 
addition
Curd formation 
and whey 
separation
Separation 
(removal of 
residual fat)
Pasteurisation
Concentration 
by RO, NF or 
evaporation
Clarification 
(removal of 
casein fines)
Ultrafiltration  Demineralisation
 by ED, IX
Evaporation, crystallisation**, spray drying, bagging
Raw whey
 Isolation by 
chromatography
or MF
 Protein 
 fractionation*
Figure 2. Whey processing and the composition of major whey products. ED = 
electrodialysis, RO = reverse osmosis, NF = nanofiltration, IX = ion exchange, MF = 
microfiltration. * = Commercially available reasonably pure fractions of α-LA, β-LG, 
CMP, lactoferrin (LF), lactoperoxidase (LP) are available. ** = Crystallisation is 
necessary only for DWP because of high lactose content. 
1.3 Use of whey products as ingredients in infant formula 
Whey products are an especially important ingredient for baby food and infant nutrition 
industry due to nutritionally valuable whey proteins (de Wit, 1998). Typical infant 
formula consists largely (50-60%) of whey solids (Mulchandani et al., 1979) and its 
composition is strictly outlined by EU legislation (Anon., 2006) based on 
recommendations by nutrition scientists (Koletzko et al., 2005). The amino acid 
composition of WPC or DWP is important, since the amount of essential amino acids 
per unit of energy of infant formula are specified in the directive (Table 1). The quantity 
or quality of proteins is not strictly defined. Therefore, from the nutritional point of 
view, the effect of pre-treatments of milk would be significant for whey producer only if 
it would affect the amino acid composition. Each essential amino acid plays a specific 
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 role in the human metabolism. For example, tryptophan (Trp) acts as a precursor of 
sleep-inducing neurotransmitter serotonin (Thomä-Worringer et al., 2006), and cysteine 
(Cys) is a component of glutathione, which prevents oxidative damage (de Wit, 1998).  
Table 1. Amino acid compositions (mol-%) of α-LA, β-LG, BSA (Eigel et al., 1984), 
CMP (Tanimoto et al., 1992), IgG1 (Larsson, 1992) and LF (Pierce et al., 1991). 
α-LA β-LG BSA CMP IgG1 LF 
Asparagine (Asp) 17.07 9.26 8.76 7.81 7.94 9.43 
Threonine (Thr)** 6.50 4.94 5.84 18.75 9.40 5.22 
Serine (Ser) 5.69 4.32 4.81 9.38 14.17 6.53 
Glutamic acid (Glu) 10.57 15.40 13.40 15.63 8.69 10.01 
Proline (Pro) 1.63 4.94 4.81 12.50 7.13 4.35 
Glycine (Gly) 4.88 2.47 2.75 1.56 6.94 6.97 
Alanine (Ala) 2.44 9.26 7.90 7.81 4.97 9.72 
Valine (Val)** 4.88 5.56 6.19 9.38 9.42 6.82 
Cysteine (Cys)*** 6.50 3.09 6.01 0.00 3.40 4.93 
Methionine (Met)** 0.81 2.47 0.69 1.56 0.91 0.58 
Isoleucine (Ile)** 6.50 6.17 2.41 9.38 2.51 2.18 
Leucine (Leu)** 10.57 13.58 10.48 1.56 6.28 9.43 
Tyrosine (Tyr)*** 3.25 2.47 3.26 0.00 3.60 3.19 
Phenylalanine (Phe)** 3.25 2.47 4.64 0.00 2.59 3.92
Tryptophan (Trp)** 3.25 1.23 1.23 0.00 1.79 1.89 
Lysine (Lys)** 9.76 9.26 10.14 4.69 5.58 7.84 
Histidine (His)*** 2.44 1.23 2.92 0.00 1.70 1.31 
Arginine (Arg)*** 0.81 1.85 3.95 0.00 3.93 5.66 
*)Minimum content in infant formulae; **Essential amino acid for all humans; 
***Essential for infants and growing chidren (Young, 1994).  
1.4 Importance of functional properties of whey products 
Equally important for the ingredient producer is to make sure that changes in cheese 
manufacturing processes do not affect processing characteristics or the physicochemical 
quality of whey products. Protein solubility and heat stability are very important 
especially for ingredients used in Ultra High Temperature (UHT) treated products such 
as ready-to-feed (RTF) formulas (McSweeney et al., 2004). Deviations in the 
emulsifying capacity and emulsion stability of DWP may result in fat separation during 
storage (creaming) of UHT products (Moon and Mangino, 2004). Bottle feeding sets 
certain limits on the viscosity of RTF products (Moon and Mangino, 2004). 
Functionality of whey powders is affected also by non-protein chemical components. 
Fat affects the emulsifying properties (Vaghela and Kilara, 1996), whereas elevated Na+
and Ca2+ concentrations have been reported to impair solubility and heat stability of 
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whey proteins (Hidalgo and Gamper, 1977). De Wit (1981) reported that precipitation 
of whey proteins is caused when concentration of divalent cations Ca2+ and Mg2+ is 
sufficient to neutralise the negative net charge of the proteins, inducing isoelectric 
precipitation. Isoelectric precipitation occurs at the pI of the protein via electrostatic 
bonding. The control of ionic environment and pH is therefore crucial for the stability of 
whey protein solutions (such as DWP). If the net charge of the protein (i.e. the 
difference between pI of the protein and the pH of the solution) is high, the proteins 
tend to form linear aggregates with high electrostatic repulsion between the charged 
molecules. These molecules are less likely to precipitate, especially in low 
concentration of divalent cations (Singh and Havea, 2003; Morr and Ha, 1993). 
Impaired solubility and heat stability in turn impair the emulsification characteristics 
(Morr 1979; Yamauchi et al., 1980). 
The effect of concentration and the interactions of whey proteins, mainly β-LG with α-
LA or BSA on gelling properties has been studied extensively (Hillier et al., 1980; 
Hines and Foegeding, 1993; Kornhorst and Mangino, 1985; Matsudomi et al., 1992; 
Matsudomi et al., 1993; Matsudomi et al., 1994; Foegeding et al., 1995; Gezimati et al., 
1996; Gezimati et al., 1997; Calvo et al., 1993). Especially the presence of CMP has 
been reported to have a deteriorating effect on the gel hardness of whey protein isolates 
(WPI) and concentrates (WPC) (Kornhorst and Mangino, 1985; Langley and Green, 
1989; Veith and Reynolds, 2004). Contradictory, CMP has also been found to improve 
the properties of whey protein gels (Gault and Fauquant, 1992; Martin-Diana et al., 
2004; Doi, 1993). Ionic conditions, pH and thermal history have a significant impact on 
gelation characteristics (de Wit, 1989; de Wit et al., 1986; de Wit et al., 1988; Gault and 
Fauquant, 1992; Margoshes, 1990; Matsudomi et al., 1991). Maximum whey protein gel 
hardness at 20, 100-300 and 200 mM Na+ concentrations were reported by Matsudomi 
et al. (1991), Schmidt et al. (1978) and Mulvihill and Kinsella (1988). Maximum 
hardness was achieved at 11.1 and 20 mM Ca2+ concentrations by Schmidt et al. (1979) 
and Zirbel and Kinsella (1988), respectively. pH has a significant effect on the 
appearance and structure of the gels. From pH 4 to 7, particulate gels, whereas from pH 
7 to 9 fine-stranded gels are formed (Aquilera, 1995). Very small deviations in neutral 
pH may lead to significant structural changes (Doi, 1993). 
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1.5 High-temperature heat treatment (HH) of cheese milk
Several approaches to increase cheese yield by pre-treating the cheese vat milk have 
been studied and some of them are already in commercial use. Industrially viable cheese 
vat milk pre-treatment methods include high-temperature heat treatment (HH), 
ultrafiltration (UF) and microfiltration (MF).  
At traditional pasteurisation conditions of 72-75°C for 15 s., non-covalent reactions 
between whey proteins, mainly β-lactoglobulin (β-LG) and micellar surface protein κ-
casein occur (Jang and Swaisgood, 1990). After pasteurisation approximately 5% of 
whey proteins are associated with casein (Lau et al., 1990), and the effect on the 
renneting, or rennet coagulation time (RCT) is limited (Lucey, 1995).  However, when 
milk is heated at temperatures above 80°C, the tertiary structure of whey proteins begins 
to unfold revealing intramolecular highly reactive thiol groups, broken disulphide and 
hydrophobic bonds (Figure 3a), which form covalent and hydrophobic bonds with 
themselves or with caseins, especially κ-casein (Zittle et al., 1962; Sawyer et al., 1963; 
Sawyer, 1969; Dalgleish, 1990), when associated with caseins in milk. This is possible 
for whey proteins with sulphur containing amino acids with thiol groups (R-SH) which 
can form covalent bonds, such as β-LG and BSA (one free SH group). As α-LA does 
not contain free thiol groups, it does not associate with caseins (Eigel et al., 1984; Morr 
and Ha, 1993). However, α-LA is associated with caseins in the presence of β-LG 
during heating, via formation of α-LA-β-LG complexes (Morr and Ha, 1993). In 
addition to covalent bonding, the denatured, unfolded whey proteins may attach to the 
casein micelle surface after renneting, by means of hydrophobic interaction, when the 
surface of the micelle has changed from hydrophilic to hydrophobic (Figure 3b).  
Formation of β-LG-κ-casein complex affects the cheese manufacturing process 
negatively in two ways. First, because of physical blockage of the target peptide bond, 
the chymosin action is impaired resulting in increased RCT (van Hooydonk, 1987; 
Lucey, 1993). Secondly, since the curd formation is based on the removal of the 
hydrophilic part of κ-casein and subsequent repulsion of the aqueus layer (Kessler, 
2002), the hydrophilic whey proteins complexes impair this reaction. Samuelsson et al. 
(1997b) found that the heat treatment of microfiltered retentate also resulted in reduced  
rate of curd formation and gel strength, but did not affect the formation of CMP. 
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The β-LG-κ-casein complex is mainly formed between sulphur containing cysteine 
(Cys) residues (Sawyer, 1963). As Cys is present only in the para-κ-casein section of κ-
casein, the complex remains in the curd after renneting (Kessler, 2002). Hence, the 
possibility of increasing the cheese yield by incorporating whey proteins into casein 
matrix has been intensively studied. It has been found that the negative effects of HH 
treatment - i.e. retardation of renneting and reduction in gel strength - may be 
compensated by altering the processing conditions, such as pH or addition of calcium 
(Lucey et al., 1993). 
HH is widely utilised in the production of fresh and semi-soft cheeses (Banks et al., 
1993; Singh and Waungana, 2001). Aggregated denaturated whey proteins are 
transferred to cheese matrix (Pedersen and Ottosen, 1992; McMahon et al., 1993), 
resulting in improved cheese yield and changes in the whey protein composition 
(Hinrichs, 2001). Some proteins may also remain in whey as denatured, soluble 
aggregates (Dalgleish, 1990), which may affect the functionality of the whey product. 
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a. Heat treatment of milk at natural pH
Submicelle containing hydrophobic
αS1-, αS2-, β- and δ-casein
          SH Ca6(PO4)6
SH Hydrophilic CMP clusters
SH Covalent bonding 
β-LG of unfolded whey
   α-LA
 > 80°C SH proteins and
para-κ-casein
IgG
κ-casein enriched
surface submicelle
    BSA     Intact whey proteins Hydrodynamic 
Unfolded denaturated Covalently bonded radius of 7 nm
whey proteins denatured whey
protein 100 nm
b. Renneting
Attack point of
chymosin
CMP released 
into whey
Hydrophilic Curd formation
repulsion Loss of hydrodynamic
radius->hydrophobic attaction
of casein micelles
Heating        SH
  
Figure 3. The effect of heat treatment on the molecular structure of β-LG, formation of 
covalent bond with κ-casein (a) and the effect of renneting on the micellar casein (curd 
formation) (b). Data adapted from Zittle (1962), Sawyer et al. (1963), Walstra (1990), 
de Wit (1998), Fox (2003) and Kessler (2002). 
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β-LG is denatured irreversibly and is more easily aggregated than α-LA, which is 
capable of almost complete renaturation upon cooling (Dannenberg and Kessler, 1988a; 
Dannenberg and Kessler, 1988b; Rüegg et al., 1977). Minor protein components bovine 
serum albumin (BSA), lactoferrin (LF) and immunoglobulin G (IgG) are even more 
readily denatured (Law et al., 1994), as shown in Figure 4. According to Dannenberg 
and Kessler (1988a), the high-temperature heat treatment of skimmed milk at 93°C for 
15 s, as was used in this work, would denature approx. 50% of β-LG, but only 
approximately 5% of α-LA of the heat-treated portion of milk, and therefore could have 
an effect on the subsequent whey protein composition and functionality. 
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Figure 4. Degree of denaturation (DD) of the individual and total whey proteins (Total 
WP). Ig=Immunoglobulins, BSA=bovine serum albumin, LF=lactoferrin, β-LG=β-
lactoglobulin, α-LA=α-lactalbumin (adapted from Law et al., 1994).  
1.6 Ultrafiltration (UF) of cheese milk 
Increasing milk protein concentration by ultrafiltration (UF) is one possibility to 
overcome the retardation of renneting properties of casein micelles, which have been 
coated with heat denatured whey proteins. The gel strength decreases due to blocking of 
the enzyme attack point by the whey proteins, but increases when milk is concentrated 
(Hinrichs, 2001). The increased whey protein in cheese matrix was suggested to be 
caused by steric inclusion of native whey proteins in the rennet-induced gel network 
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already by Bachmann et al. (1975), and confirmed by Singh and Waughana (2001). 
Considerable cheese yield increases have indeed been reported (Maubois and Mocquot, 
1975; Brown and Ernstrom, 1982; Guinee et al., 1994; Guinee et al., 2006; Banks et al., 
1993). The rate of curd formation (milk coagulation) has been reported to accelerate 
with increasing protein content of milk (St-Gelais and Haché, 1995; Caron et al., 1997). 
Guinee et al. (1994) reported that when the protein content of the cheese milk exceeded 
50 g/l, the curd formation and cutting was difficult to control, and led to casein and fat 
losses to whey, whereas fat was more efficiently retained in the cheese matrix at milk 
protein content of 30-40 g/l. A linear relationship for the protein content of cheese milk 
and corresponding whey was also found. 
All true whey proteins are retained in the UF retentate of milk, whereas the non-protein 
nitrogen (NPN) is partly lost to the UF permeate, equalling ca. 5% loss of the total 
nitrogenous substances of milk. The casein to whey protein ratio of the UF retentate 
remains unaltered (Maubois and Mocquot, 1975), but the increased density of casein 
matrix enhances co-precipitation of whey proteins with casein, thereby altering the 
composition of whey (Ardisson-Korat and Rizvi, 2004; Guinee et al., 2006). When 
concentrated milk has been used for cheese production, increase of protein and fat 
content in whey has been reported (St-Gelais and Haché, 1995; St-Gelais et al., 1995). 
1.7 High-temperature heat treatment with ultrafiltration (UFHH) 
The combination of high-temperature heat treatment with ultrafiltration (UFHH) 
increases the whey protein yield to cheese matrix by two mechanisms. First, the steric 
inclusion of the native whey proteins into the cheese curd is enhanced due to stronger 
casein network formation. Secondly, the co-precipitation of the denatured whey 
proteins, especially β-LG, is enhanced as the protein content of total solids is increased, 
as part of the non-protein solids such as minerals and lactose are transferred to UF 
permeate. Lactose has been found to protect especially β-LG against denaturation and 
aggregation by forming a hydrated layer of lactose around the protein molecule, the α-
LA molecule is less protected (Plock et al., 1987; Plock et al., 1988a; Plock et al., 
1988b). HH treatment (95°C for 5 min) in combination with UF has been used 
succesfully in the fresh cheese production, where considerable yield increases have been 
observed compared to the traditional thermo-separator process (Pedersen and Ottosen, 
1993).
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1.8 Microfiltration (MF) of cheese milk 
When the vat milk is concentrated by microfiltration, the casein to total protein ratio of 
vat milk is increased, since whey proteins have been partly removed to MF permeate. 
(Samuelsson et al., 1997b; Maubois, 1997; Neocleous et al., 2002a). The separation of 
WP and caseins is based on differences in molecular size (Figure 5), though several 
other factors affect the process (Gésan-Guiziou et al., 2000; Saxena et al., 2009).  
Figure 5. Size comparison of an average casein micelle (100 nm) and whey proteins α-
lactalbumin (α-LA) (1.8 nm), dimer of β-lactoglobulin (β-LG) (3.5 nm), bovine serum 
albumin (BSA) (4 nm) and immunoglobulin G (IgG) (6 nm) (de Wit, 1998). 
In addition to the possibility of eliminating the yearly fluctuation in casein concentration 
(Neocleus et al., 2002a; Neocleus et al., 2002b), the use of casein-enriched MF retentate 
has been reported to result in a more efficient and faster curd formation (Samuelsson et 
al., 1997a) and in elevated (2-4%) cheese yield (Maubois et al., 2001; St-Gelais et al., 
1995; Papadatos et al., 2003). The volume of cheese whey has been reported to be 
reduced by 22-26% (Maubois et al., 2001), and the quantity of whey protein in the 
cheese whey is reduced. In addition, there is a possibility that variations in specific mass 
fluxes of individual whey proteins through the MF membrane may result in altered 
whey protein composition. The differences in permeability of proteins was utilised by 
Akbache et al. (2009) in a fractionating growth factors TGF-g2 from IGF-I. Punidadas 
and Rizvi (1998) reported that only α-La and β-LG were detected in their skimmed 
milk MF permeate obtained with 0.05 μm ceramic membranes. Significant differences 
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in permeability was observed also by Le Berre and Daufin (1996), Tolkach and Kulozik 
(2005) and Jost et al. (1999). In most studies, however, the permeability of individual 
proteins has not been reported (Samuelsson et al., 1997b, Marcelo and Rizvi, 2008), and 
in some reports differences were not detected. (Britten and Pouliot, 1996; Maubois et 
al., 2001).  
As quantitative hydrolysis of κ-casein is required for the proper coagulation of the 
casein micelles (Walstra, 1990), the formation of CMP from casein is constant 
regardless of the pre-treatment method. Thus, partial removal of whey proteins by MF 
before renneting induces a significant increase in the CMP concentration (Maubois, 
2002; Kulozik and Kersten, 2002). Maubois et al. (2001) observed a 22-26% decrease in 
cheese whey volume and 20% increase in the CMP concentration of total proteins.  
Production of whey product for infant nutrition from this type of whey may be 
problematic, since the amino acid compostion of CMP is very different from the other 
protein components in whey. It lacks the essential amino acids Cys, Phe, Tyr, Trp His 
and Arg, but is rich in Thr (Tanimoto et al., 1992). People suffering from 
phenylketonuria (PKU) - an inborn error of the metabolism - must restrict their intake of 
Phe (Purnell, 2001). As all genetic variants of CMP lack the aromatic amino acids 
(Swaisgood, 2003c), the CMP-enriched whey has been suggested as raw material for 
dietary food supplement for PKU (Marshall, 1991; Ney, 2005). Maximum practical Phe 
content on a dietary point of view for such a product is 2-4 mg/g CMP (Lim et al., 
2007), which would require ca. 90% reduction of the Phe content in whey protein. 
1.9 The aim of this work 
Only a few reports on changes in the whey composition and functionality induced by 
pre-treatment methods of vat milk has been published (Peri et al., 1985; St-Gelais et al., 
1995). The aim of this work was to evaluate the effects of the high temperature heat 
treatment (HH), ultrafiltration (UF) (study I, II) and microfiltration (MF) (study III-VII) 
on the mass balance and quality of the whey solids in cheese processes as well as to 
evaluate the changes in compositional and nutritional value of subsequent whey and 
whey products. Excessive diafiltration was carried out with polymeric MF membranes 
(study IV-VII) in order to study the effect of the concentration factor on the whey 
composition, i.e. how much of the whey proteins could be removed from skimmed milk 
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prior to cheese production, emphasis being in maximising the relative CMP content in 
cheese whey.  
The effect of HH and UF of cheese milk on the degree of denaturation, heat stability, 
water binding capacity, emulsion capacity and stability of DWP was studied (study II). 
In order to study the functionality CMP-enriched whey produced from the MF process, 
WPI gel hardness with elevated CMP concentrations, in controlled ionic environments, 
was studied (study VIII).  
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2 Materials and methods 
2.1 Pre-treatment of milk 
The raw milk was separated, pasteurised and cooled before further processing as 
described in studies I-VII.  
2.2 High temperature heat treatment (I, II) 
Part of the pasteurised, skimmed milk (25%) was subjected to an additional HH 
treatment (93ºC, 15 s). The HH treated milk was cooled and mixed in the cheese vat 
with the rest of the pasteurised milk as described in study I and II (Figure 6) 
2.3 Ultrafiltration  
Pasteurised skimmed milk was concentrated in a pilot (study I) or production scale 
(study II) ultrafiltration (UF) unit as described Figure 6. Laboratory scale UF unit 
(studies I, III-VII) was used to concentrate the clarified wheys (Figure 8). In all UF 
units, 10 kDa membranes were used. 
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Permeate
Cheese    Whey Cheese  Whey    Cheese          Whey    Cheese   Whey
         REF DWP HH DWP      UF DWP UFHH DWP
Skimmed milk
Cream
42% fat
Fat standardization
Pasteurisation 72°C, 15 s
Cheese vat
milk protein 
3.4%
REFERENCE
(REF)
Protein and fat standardization
High-temperature heat 
treatment (HH)
25% of total milk
93°C, 15 s
Ultrafiltration (UF)
10 kDa, CF 3.5 
25% of total milk
Cheese vat
milk protein 3.4%
HIGH 
TEMPERATURE 
HEAT 
TREATMENT
(HH)
High-temperature 
heat treatment (HH)
25% of total milk
93°C, 15 s
Cheese vat
milk protein 4.2%
UF-HIGH 
TEMPERATURE 
HEAT 
TREATMENT
(UFHH)
  Concentration by nanofiltration (NF) to 20% total solids 
Demineralisation by electrodialysis (ED)
Concentration by falling film evaporator to 60% total solids
Spray drying 
Cheese vat
milk protein 4.2%
ULTRAFILTRATION
(UF)
Ultrafiltration (UF)
10 kDa, CF 3.5 
25% of total milk
  Removal of residual casein fines and milk fat by centrifugation
  Concentration by 
evaporation to 
 to 20% total solids
Figure 6. The process flow charts of the pre-treatment of skim milk and recombination 
of the high temperature heat treated (HH), ultrafiltered (UF) and high-temperature heat 
treated ultrafiltered (UFHH) cheese vat milks and wheys, and processing of the 
subsequent whey into demineralised whey powders (DWP).  
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2.4 Microfiltration 
2.4.1 Microfiltration of milk with ceramic membranes (III, IV) 
To produce MF retentate for Emmental cheese production, skimmed milk was 
microfiltered with 0.1 μm ceramic membranes as described in study III. 
2.4.2 Microfiltration of milk with polymeric membranes (I, V-VII) 
Microfiltration to concentration factor 4 
Skimmed milk was microfiltered with spiral wound 800 kDa polymeric polyvinylidene 
fluoride (PVDF) membranes in a pilot plant in batch filtration mode with a CF of 4. The 
target protein content of the retentate was 120 g protein/kg retentate. To obtain CF 10 
and CF 70 in studies III-VII, the CF 4 retentate was further diafiltered with UF 
permeate.
Diafiltration by ultrafiltration permeate to obtain concentration factor 70 
Diafiltration (DF) was carried out using UF permeate. After microfiltration to CF 4, 
permeate was added and filtration was continued. UF permeate was obtained by 
ultrafiltering the MF (CF 4) permeate of skimmed milk in a pilot plant. The total 
concentration factor was calculated as the CF value multiplied with diafiltration CF 
value (Equation 1) 
)1()L(retentateiondiafiltrat
)L(feediondiafiltrat
x)L(retentate
)L(feed)(CF ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛=−
2.4.3 Recombination of the HH, UF and UFHH cheese milks (I, II) 
The vat milks were standardised for protein and fat as described in I and II (Figure 6).  
2.4.4 Recombination of MF milks (III-VII)  
Cheese milk was recombined using MF retentate, UF permeate of the MF permeate, 
water and cream (Figure 7). The aim was to equalise the casein and fat-to-protein ratio in 
each experiment. The protein concentration of the MF milks was adjusted to 42 g/kg 
with MF retentates. The protein concentration of the reference milk was 34 g/kg milk.  
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Raw milk Fat separation
Skimmed milk
UF 
CF 35
10 kDa
Reference 
milk
CF 1.4 to CF 4 
milk
MF milk (CF 10) MF milk (CF 70) 
MF
CF 1.4/4.0
MF
CF 4.0
MF
CF 4.0
MF permeate MF permeate
MF retentate MF retentate MF retentate
UF 
retentate
UF 
permeate
MF-
diafiltration 
with UF 
permeate
CF 2.5
MF-
diafiltration 
with UF 
permeate
CF 17.5
MF-
diapermeate
MF-
diapermeate
Figure 7. Recombination of the MF milks with retentates obtained by 0.1 μm ceramic 
(study III-IV) or 800 kDa polymeric (study V-VII) microfiltration (MF). CF=volume 
concentration factor, UF=ultrafiltration (10 kDa), DF=Diafiltration. 
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2.5 Production of freeze-dried WPC powders (I, III-VII)
2.5.1 Collection and sampling of whey 
After coagulation and separation of the curd, a 20 L sample of whey was collected from 
each vat, and stored at 5ºC for further processing. Smaller aliquots for compositional 
analysis were taken and rest of the whey was discarded.  
2.5.2 Removal of residual fat and casein  
In order to minimise the effect of residual casein fines on the amino acid analysis, whey 
was clarified with ceramic 0.8 μm MF membranes according to Figure 8. Clarified 
whey (MF permeate) was collected for further processing. 
2.5.3 Concentration and freeze-drying of whey   
The WPC was produced by ultrafiltering the clarified whey (0.8μm MF permeate) with 
spiral wound 10 kDa UF membranes with a CF 20 (Figure 8). The native WPC 
(NWPC) was produced by ultrafiltering the MF permeate of skimmed milk. Since the 
MF permeate was dilute compared to whey, CF 35 was used. The UF retentates were 
freeze-dried. 
                                                                37
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   UF Retentate
Whey from 
reference 
milk
Whey from 
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temperature 
heat-treated 
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h
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Figure 8. Production of whey protein concentrate (WPC) powders. Whey was obtained 
from reference (REF WPC), high temperature heat-treated, microfiltered (MF WPC 1.4 
to 70) or ultrafiltered milk (Figures 6 and 7). The native WPC (NWPC) was produced 
from the MF permeate. 
2.6 Production of the demineralised whey powders (II) 
2.6.1 Collection and sampling of whey  
After separation of the curd, whey was clarified, cooled and stored at 5ºC for maximum 
of 5 h before nanofiltration (NF). Four aliquots were taken from each batch of clarified 
whey during the production day. The mean of these four aliquots represent the result of 
one batch. The whey was processed to DWP as described in Figure 6. 
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2.6.2 Pre-concentration of whey  
Clarified whey was nanofiltered in continuous mode or evaporated to reach TS content 
of 20-21 g/100 g retentate.  
2.6.3 Electrodialysis (ED) of the whey concentrate 
The whey concentrate was demineralised by electrodialysis (ED), as described by Hoppe 
and Higgins (1992). ED was terminated after the product solution conductivity of 650 
μS was reached.  
2.6.4 Drying of the demineralised whey concentrates 
The demineralised concentrates were pasteurised at 78°C for 5 min, further evaporated 
in a four-stage falling film evaporator to a TS content of 60%, and finally crystallised 
and spray-dried as described in study II. The DWP samples were taken immediately 
after the final fluid bed. This procedure ensured that the powder sample matched exactly 
with the corresponding whey sample. Possible structural changes caused the mechanical 
handling of the powder during transport and storage were also avoided. 
2.7 Methods of analysis 
2.7.1 Chemical analysis 
Total solids (TS) were determined according to IDF 21B:1987. Fat content of milk and 
cream was analysed using IDF 1C/16C:1987, fat content of whey using IDF 1D:1996. 
Lactose was determined enzymatically with modified IDF 79-2:2002. Total nitrogen 
(TN) was determined according to IDF 20-1:2002; total protein (TP) = TN × 6.38. Non-
protein nitrogen (NPN) was analysed with Kjeldahl after precipitation with 12% TCA 
solution (IDF 20-4:2002). NPN was converted to NPN protein equivalent NPN-P by 
multiplying by a factor of 6.38. Casein nitrogen (CN) was determined according to IDF 
29:1964. Whey protein (WP) was calculated using formula WP = (TN – CN – NPN) ×
6.38. The conversion factor is dependent on the nitrogen content of the compound, 
which is dependent on the amino acid composition and the degree of glycosylation 
(Treblay et al., 2003), and is thus slightly different for each protein, ranging from 5.72 
of non-glycosylated lactoferrin to 7.36 (Anon., 2006b; van Bockel, 1993) of the 
caseinomacropeptide. With purified protein fractions (study VIII), conversion factor of 
7.36 (van Bockel, 1993) was used for CMP fraction and 6.38 for β-lactoglobulin (van 
Bockel, 1993) and WPI fraction (essentially β-lactoglobulin). In studies I-VII, an 
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average conversion factor of 6.38 was used, which may underestimate the protein 
content of CMP enriched samples.  
In studies I-VII, whey proteins α-LA, β-LG, CMP and GMP were determined with a 
reverse phase high pressure liquid chromatography (RP-HPLC) method (Thomä et al., 
2006). In study VIII, whey proteins were analysed by fast protein liquid 
chromatography (FPLC) according to Syväoja and Korhonen (1994). The FPLC 
analysis of CMP required precipitation of proteins with 8% trichloroacetic acid (TCA), 
and the CMP eluted in single peak. Amino acids were determined at EuroFins 
(Lidköping, Sweden) according to ISO 13903:2005, excluding Trp, which was 
determined according to ISO 13904:2005. Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed at the VTT Technical Research Center of 
Finland according to Laemmli (1970). Minerals were determined in studies I-VII using 
inductively coupled plasma mass spectrophotometer (MS-ICP, Elan 6100, Perkin elmer, 
Boston, MA, USA) according to Huang et al. (1985). Samples in study VIII were pre-
digested according to Kumpulainen and Paakki (1987). The percentage of six major 
protein components of true proteins was also estimated in study VII on the basis of the 
amino acid data in Table 1 using overdefined linear regression and the sum of the least 
square method (Harville, 1997; Lay, 2006; Krutchkoff, 1970). The advantage of this 
method is that it is insensitive to the state of the proteins. 
2.7.2 Functional analysis 
Degree of denaturation (II) 
The degree of denaturation (DD) was calculated as the ratio of the soluble whey protein 
at pH 4.6 and 6.7 according to Morr et al. (1985). Soluble whey protein was determined 
according to Lowry et al. (1951).  
Heat stability (II) 
Heat stability was measured according to McSweeney et al. (2004). The heat coagulation 
time (HCT) was the time of the onset of coagulation at 140°C, as described by Davies 
and White (1966).  
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Viscosity of DWP and model infant formula (II) 
Viscosity of 1.5 g protein/100 g solutions of DWP and model infant formula (casein to 
whey protein ratio of 40:60) was determined as described in study II.  
Water-holding capacity (II) 
Water-holding capacity (WHC) was defined as the maximum amount of water bound by 
a unit of protein. The WHC analysis was carried out as described by Quinn and Paton 
(1979), modified by Rantamäki et al. (2000). 
Emulsifying capacity (II)  
Emulsifying capacity (EC) was defined by Harper (1991) as the maximum amount of oil 
that can be added to protein solution before the emulsion breaks. The EC was analysed 
according to Vuillemard et al. (1990). The analysis is reliable only in very dilute 
(<0.1%) protein solutions (Langley et al. 1988). 
Emulsion stability (II) 
The emulsion samples were centrifuged. The Emulsion stability (ES) was defined as the 
percentage of remaining emulsion after removing the supernatant according to Fligner et 
al. (1991) and Haque and Mozaffar (1992).  
WPI gel hardness measurement (VIII) 
CMP, WPI and α-LA fractions were produced with a chromatographic process (Outinen 
et al., 1995; Outinen et al., 1996). The protein fractions (Table 1, study VIII) were 
dialysed against distilled water and freeze-dried. The Na+, Ca2+ and protein contents 
were taken into account when adjusting the mineral and protein concentrations of the 
solutions.  
Based on the studies of Matsudomi et al. (1991), Schmidt et al. (1978), Schmidt et al. 
(1979), Mulvihill and Kinsella (1988), Zirbel and Kinsella (1988), Aquilera (1995) and 
Doi (1993), the experiments were carried out at pH 8.0, in Na+- and Ca2+ -
concentrations of 30-600 and 11-20 mM, respectively. The preparation and analysis of 
the gels is described in detail in study VIII.  
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2.8 Statistical analysis 
One way analysis of variance (ANOVA) and the statistical significance of the results 
from each trial was carried out using Tukey HSD test with significance at p<0.05 using 
Statistica 7.1 (StatSoft. Inc., Tulsa, USA) software. Before the Tukey test, the material 
was tested for normality and homogeinity of variance with Shapiro-Wilk and Levene 
tests, respectively. 
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3 Results and discussion 
3.1 Effect of HH, UF, UFHH and polymeric MF treatments on the recovery 
yields from cheese milk to whey (I, II) 
The analysis of whey in study I was carried out with non-clarified whey to see the effect 
of the pre-treatments on residual fat or casein content. The samples in study II were 
obtained after clarification of whey. There was no significant difference in the recovery 
yield (RY) of casein from milk to whey, but the fat content of UF whey was 
significantly reduced, indicating that the elevation of protein content of milk by UF 
enhanched the transfer of fat from milk to cheese. Similar conclusion has been 
presented by Guinee et al. (1994).  
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Figure 9. The effect of pre-treatment methods on the loss of non-protein nitrogen (NPN) 
and native whey protein (WP) during processing, expressed as percentage of original 
WP and NPN in milk. HH=partial high-temperature heat treatment; UF=Elevation of 
vat milk protein by ultrafiltration; UFHH whey=Elevation of vat milk protein by UF 
combined with high-temperature heat treatment. MF=elevation of vat milk protein by 
MF (CF=4, n=4).  Filtration=Reduction of component in whey to UF or MF permeate. 
Heat treatment= Reduction in the quantity of native WP in vat milk after heat treatment. 
Co-precipitation=Reduction in the quantity of native WP after cheese production. Loss 
of NPN is calculated as protein equivalent (NPN×6.38). 
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According to the NPN and native whey protein (WP) mass balances (Figure 9), ca. 20% 
of NPN was lost into the MF and UF permeates. The co-precipitation of proteins to 
cheese was slightly enhanced by UF, but the net non-casein protein loss of 13.3% was 
comparable to the HH treatment (13.0%). With MF, in addition to NPN, 13.9% of WP 
was lost in the MF permeate, resulting in total loss of non-casein protein of 19.9%. 
Ultrafiltration induced denaturation of whey proteins only when combined with HH 
treatment, resulting in the highest loss of non-casein protein of 25.0%.  
3.2 Effect of HH, UF, UFHH and polymeric MF treatment on the whey 
composition (I, II) 
Water, lactose, minerals and NPN were partially removed from vat milk to UF 
permeate. WP was completely retained in the UF retentate and thus in the cheese milk.
UF and MF processes produced 22% less whey compared to REF and HH. As the loss 
of protein from UF cheese milk to whey was only 13.3% (Figure 9), the protein 
concentration of UF whey was significantly elevated to 15.3% of TS (Table 2). Though 
the volume reduction of whey was equal in the MF process, the protein content of MF 
whey increased only to 14.3% of TS, due to loss of WP to the MF permeate. The HH 
treatment of the UF milk reduced the protein content of the UFHH whey to 14.2%, due 
to enhanced precipitation of the whey proteins in the cheese matrix. 
Only UF milk without heat treatment produced whey with significantly different protein 
content of total solids. The NPN concentration was reduced because of permeation to UF 
permeate, whereas TP, WP, α-La and β-LG were significantly elevated because of the 
content of proteins in the UF retentate. However, the differences in relation to TP (Table 
3), even with UF whey, were limited. The CMP content in whey was increased with all 
pre-treatments, indicating that the enhanced formation of κ-casein-β-LG –complexes did 
not significantly reduce the action of chymosin on κ-casein. The quantity of GMP in 
CMP was 57-65%, being in accordance with the previously published data (Casal et al., 
2005; Vreeman et al., 1986; Lieske and Konrad, 1996). The amount of CMP formed 
ranged from 5.4 to 6.5 g/kg casein in studies I and II. 
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Table 2. Composition of various types of wheys, mean±standard deviation. REF 
whey=pasteurisation of milk (n=17); HH whey=partial high temperature heat treatment 
of milk (n=14); UF whey: elevation of vat milk protein by ultrafiltration (n=9); UF HH 
whey=elevation of vat milk protein by UF combined with high temperature heat 
treatment (n=17). MF whey=elevation of vat milk protein by MF (CF=4, n=4)
TS=Total solids in whey, TP=Total proteins in whey, NPN=Non-protein nitrogen, α-
LA=α-lactalbumin, β-LG=β-lactoglobulin. NPN-P=Non-protein nitrogen protein 
equivalent (N×6.38), CMP=total caseinomacropeptides, GMP=glycosylated 
caseinomacropeptides. 
 REF  
whey 
HH  
whey 
UF  
whey 
UFHH 
whey 
MF  
whey* 
TS (g/100g of whey) 5.2±0.2a 5.1±0.2a 5.2±0.2a 5.1±0.2a 5.2±0.1a
TP (g/100g of whey) 0.70±0.03a 0.65±0.04b 0.79±0.04c 0.73±0.03a 0.75±0.03a
Casein (g/100g of whey) 0.04±0.01a 0.05±0.01a 0.05±0.01a 0.05±0.01a 0.09±0.01b
WP (g/100g of whey) 0.48±0.02a 0.41±0.02b 0.57±0.01c 0.48±0.03a 0.45±0.05a
NPN (g/100g of whey) 0.30±0.01a 0.30±0.04a 0.30±0.01a 0.30±0.01a 0.31±0.01a
α-LA (g/100g of whey) 0.09±0.01a 0.08±0.00b 0.10±0.01c 0.09±0.01a 0.09±0.01a
β-LG (g/100g of whey) 0.26±0.02a 0.23±0.03b 0.31±0.01c 0.25±0.04a 0.23±0.06a
CMP (g/100g of whey) 0.16±0.01a 0.19±0.01b 0.22±0.01c 0.20±0.01c 0.20±0.01c
GMP (g/100g of whey) 0.09±0.01a 0.12±0.01b 0.14±0.01c 0.13±0.01c 0.12±0.01b
TP (g/100g of TS) 13.4±0.1a 12.7±0.1b 15.2±0.1c 14.2±0.2d 14.3±0.2d
Casein (g/100g of TP) 5.0±1.0a 8.0±4.2a 5.3±1.5a 7.4±0.8a 13.2±0.8b
WP (g/100g of TP) 67.9±0.7a 63.0±4.6b 76.3±0.9c 73.5±0.5c 60.5±0.5b
NPN-P (g/100g TP) 27.1±1.1a 29.0±0.4b 23.7±0.9c 26.5±0.5a 27.2±0.5a
α-LA (g/100g TP) 12.5±0.7a 12.3±0.3a 12.8±0.5a 12.4±0.5a 12.4±0.5a
β-LG (g/100g TP) 37.9±2.1a 33.1±0.9b 39.7±0.6a 35.7±0.5a 35.7±0.5a
CMP (g/100g TP) 22.2±1.8a 28.1±1.9b 26.7±1.6b 28.8±1.0b 26.7±1.0b
GMP (g/100g TP) 12.9±0.9a 17.7±1.2b 17.5±1.3b 18.4±0.9b 16.0±0.9b
Ash (g/100g of whey) 0.44±0.03a 0.43±0.02a 0.45±0.01a 0.44±0.02a n.a.
Na (mg/kg of whey) 320±10a 312±20a 310±20a 310±20a n.a.
K (mg/kg of whey) 1310±60a 1270±80a 1300±100a 1270±70a n.a.
Ca (mg/kg of whey) 330±20a 350±20b 350±20b 360±20b n.a.
Mg (mg/kg of whey) 70±2a 70±2a 70±4a 70±4a n.a.
Cl (mg/kg of whey) 900±50a 870±50a 880±60a 880±30a n.a.
P (mg/kg of whey) 330±10a 340±20a 330±20a 340±10a n.a.
Results within a row sharing the same superscript are not statistically different  
(p<0.05). *Unclarified whey (study I) 
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3.3 Effect of HH, UF and UFHH treatments of milk on the amino acid 
composition of WPC (I) and DWP (II) powders  
The effects of HH, UF and UFHH treatments on the amino acid composition of WPC 
(study I) and DWP (study II) were studied. As was expected on the basis of the limited 
differences in the protein composition, the differences in the amino acid composition 
were limited.  
Table 3. Composition of essential amino acids (g/100g of total amino acids) of WPC 
powders (I), mean±standard deviation, n=2. Wheys were obtained from renneted Edam 
vat milks, which were composed of cream mixed with standard, untreated milk, (REF 
whey), partially (25%) high heat treated milk and skim milk (75%) (HH whey), MF 
retentate and skim milk (MF whey) or UF retentate and skim milk (UF whey). Wheys 
were concentrated by 10 kDa UF and freeze-dried. 
Amino acid REF WPC HH WPC UF WPC 
Thr 6.82±0.01a 7.02±0.16a 7.07±0.11a
Cys 2.46±0.13a 2.51±0.01a 2.47±0.04a
Val 5.91±0.16a 5.82±0.09a 5.65±0.16a
Ile 6.25±0.04a 6.32±0.01a 6.12±0.14a
Leu 10.32±0.07a 10.15±0.02a 10.11±0.04a
Met 2.03±0.06a 1.98±0.05a 1.96±0.01a
Tyr 2.72±0.06a 2.62±0.15a 2.65±0.05a
Phe 2.98±0.03a 2.97±0.08a 2.92±0.01a
His 1.77±0.01a 1.74±0.04a 1.73±0.02a
Lys 9.15±0.04a 8.98±0.06a 9.06±0.02a
Arg 2.29±0.03a 2.19±0.07a 2.21±0.04a
Trp 1.76±0.03a 1.72±0.01a 1.70±0.01a
Samples within a row sharing the same superscript are not statistically different  
(p > 0.05) 
In study II, the clarified wheys were processed into demineralised whey powders 
(DWP). There were no significant differences in TP, “casein” (in practice mostly pH 4.6 
insoluble whey proteins), mineral or fat contents of the DWPs. The only anomaly in the 
compositions of DWP compared to whey composition (study II) was the CMP content, 
which was 23 to 26 g/100 g of TS in whey, but only 19 to 22 g/100 g TS in DWP. Also 
the ratio of GMP to CMP was reduced in all DWPs compared to wheys, indicating a 
possibility that selective loss of GMP occurred during demineralisation. Since the heat 
load of DWP was extensive, the presence of heat-sensitive component in the GMP 
fraction was also considered. However, this possibility was ruled out based on the results 
obtained from heating (90°C for 7 minutes) experiment with whey: the heat treatment 
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did not affect the CMP or GMP results (data not shown). None of the pre-treatments 
affected the nutritional quality of the DWP powder: the differences in the amino acid 
composition were limited (Table 4). 
Table 4. The amino acid composition of DWP in relation total amino acid content (g/100 
g of amino acids), mean ± standard deviation (n=2). REF DWP=pasteurisation of milk, 
no high-temperature heat treatment, no UF; HH DWP=partial high-temperature heat 
treatment of milk; UF DWP=elevation of vat milk protein by UF; UFHH DWP= 
elevation of vat milk protein by UF combined with high-temperature heat treatment. 
Amino acid REF DWP HH DWP UF DWP UFHH DWP 
Thr 6.83±0.04a 7.01±0.10b 6.83±0.02a 7.13±0.03b
Cys 2.62±0.01a 2.52±0.00a 2.58±0.03a 2.49±0.11a
Val 6.20±0.01a 5.93±0.02b 5.96±0.02b 5.85±0.08b
Ile 6.37±0.01a 6.37±0.03a 6.35±0.00a 6.35±0.06a
Leu 10.11±0.03a 10.14±0.06a 10.21±0.03a 10.08±0.06a
Met 2.00±0.01a 1.96±0.01a 1.99±0.01a 1.95±0.04a
Tyr 2.33±0.01a 2.16±0.06a 2.22±0.01a 2.24±0.05a
Phe 2.66±0.01a 2.89±0.07b 2.90±0.02b 2.87±0.02b
His 2.12±0.02a 1.72±0.02b 1.75±0.02b 1.74±0.03b
Lys 8.95±0.01a 9.17±0.08b 9.21±0.04b 9.15±0.02a
Arg 2.25±0.01a 2.20±0.01a 2.30±0.01a 2.20±0.00a
Trp 1.79±0.02a 1.68±0.04a 1.71±0.03a 1.67±0.03a
Samples within a row sharing the same superscript are not statistically different (p>0.05) 
As the CMP content of TP was elevated in all samples, the content of Tyr, Phe, His, 
Arg, Trp and Cys was expected to be decreased and the content of Thr increased. The 
results were contradictory. The Thr content was significantly elevated in HH and UFHH 
DWPs, but not in UF DWP. The content of His was significantly reduced in HH and 
UFHH DWP, as was expected. However, no logical explanation could be found to the 
low value of His in UF DWP. There was no statistically significant difference in the 
contents of Tyr, Cys, Arg and Trp, and the concentration of Phe was actually increased 
with all pre-treatment methods compared to REF DWP.  
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3.4 Effect of HH, UF and UFHH treatments of milk on the amino acid 
composition of ready-to-feed infant formula (II)   
Compositional data of the HH, UF and UFHH DWP was used to calculate a model 
infant formula. The formula consisted of DWP, skimmed milk powder, lactose and 
cream to produce a standard ready-to-feed infant formula, with protein content of 1.5 
g/100 g of formula, and with WP to casein ratio of 60:40. The result was compared to 
minimum allowed content of each essential amino acid required for infant formula by 
EU (Anon., 2006a). As expected, the contents of all essential amino acids of HH, UF 
and UFHH infant formulas were sufficient (Figure 10) 
9
20
21
40
18
5
18
10 8
22
0
10
20
30
40
50
60
Val Leu Ile Thr Cys Met Phe Tyr His Trp
m
g/
10
0 
kJ
 
 
 .
EU REF DWP HH DWP UF DWP UFHH DWP
Figure 10. Effect of demineralised whey powder (DWP) produced from HH, UF and 
UFHH treatments of milk on the amino acid composition of ready-to-feed infant 
formula.   REF=pasteurisation of milk, no high-temperature heat treatment, no UF; HH 
=partial high-temperature heat treatment of milk; UF =elevation of vat milk protein by 
UF; UFHH=elevation of vat milk protein by UF combined with high-temperature heat 
treatment. EU= Minimum content of essential and conditionally essential amino acids in 
infant formulae according to EU Commission directive 2006/141/EU (Anon., 2006).  
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3.5 Effect of the HH, UF and UFHH treatments on the functionality of the 
demineralised whey powders (II) 
Degree of denaturation  
There was no statistical difference in the degree of denaturation (DD) of the whey 
proteins in whey or in DWPs, though the mean figures were slightly elevated for 
ultrafiltered DWPs. The DD of proteins were considerably higher in all powders 
compared to DD of proteins in whey (Figure 11). The elevated degree of denaturation of 
DWP was explained by the severe pasteurisation of the whey concentrates before 
evaporation. The effect of partial heat treatment of cheese milk concerning the DD of 
the proteins of the DWP powder could not be detected.  
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Figure 11. The degree of denaturation (DD) of whey proteins in whey (a) and 
demineralised whey powders (b) manufactured from whey produced from pasteurised 
cheese milk (REF), high-temperature heat treated milk (HH DWP), milk with elevated 
protein concentration (UF DWP) and high-temperature heat treated ultrafiltered milk 
(UFHH DWP), mean±standard deviation (n=6). Results with the same letter are not 
significantly different (p>0.05). 
The degree of denaturation correlated well with the results of Law et al. (1994), who 
reported a DD of 40% for total whey proteins at comparable conditions of 80ºC for 5 
min. Since ca. 25% of total whey proteins are soluble peptides (proteose-peptones and 
glycomacropeptides) at pH 4.6, maximum DD of total whey proteins is ca. 75% (de Wit 
1989; Law et al. 1994). Hence, the DD of 40% of total whey proteins obtained by Law et 
al. (1994) equals DD of true whey proteins of ca. 53%. Moon and Mangino (2004) 
reported DD of 43-44% (at pH 4.6) after heat treatment of WPC at 84ºC for 60 s. 
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Heat stability 
Ultrafiltration with or without high-temperature heat treatment improved the heat 
stability of DWP within the whole pH range (Figure 12).  
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Figure 12. Heat stability of demineralised whey powders manufactured from whey 
produced from pasteurised cheese milk (REF), high-temperature heat treated milk (HH 
DWP), milk with elevated protein content (UF DWP) and high-temperature heat treated 
ultrafiltered milk (UFHH DWP), mean±standard deviation (n=6). Analysis results at 
given pH with the same small letter are not significantly different (p>0.05). Capital 
letters have been used when comparing the samples in different pH values, results with 
the same capital letter are not significantly different. 
Improved heat stability may be due to elevated content of soluble protein aggregates 
formed by combined heat load of heat treatment of milk and evaporation and drying of 
DWP, indicated by the differences in the content of β-LG in whey and subsequent DWP 
(Tables 2 and 4), as well as by the marginally elevated degree of denaturation of UF and 
UFHH DWPs (Figure 11b). The effect of pH was less pronounced than expected:  
stability of all powders was lower at pH 6.6 than at the more stable area of pH 6.8 to 7.0 
defined by McSweeney et al. (2004), but the difference was statistically significant only 
for REF DWP.  
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Viscosity 
The viscosity of all solutions was very low, in a range of 1 cP and 2 cP at 60ºC and 
25ºC, respectively. Pre-treatment of cheese milk appeared to have no significant effect 
on the viscosity of the DWPs, nor pre-heating in the oil bath. The average viscosity of 
the model infant formulas ranged from 1 to 1.5 cP at 60ºC, and ca. 2 cP at 25ºC. Again, 
the pre-treatment method of cheese milk or pre-heating had no significant effect on the 
viscosity of the DWPs. The viscosity range of all samples was acceptable for drinkable 
products, for which 20 cP is considered as the maximum acceptable viscosity (Moon and 
Mangino, 2004). 
Water-holding capacity 
Different pre-treatments did not have measurable effect on the water-holding capacity 
(WHC). Since there was no statistically significant differences in solubility, and as the 
increase of WHC has been observed to be strongly related to unfolding of the protein 
structure and subsequent increase in the degree of denaturation (Mangino, 1984), the 
result was as expected. WHC for all samples was 1.9 g H2O /g protein, which was 
comparable with the results obtained by Heino et al. (2007), who reported WHC of ca. 
1.7 g H2O/g protein for a commercial spray dried WPC. 
Emulsifying capacity 
The maximum emulsifying capacity (EC) of REF, HH, UF and UFHH DWP was 0.96, 
0.9, 0.65 and 1.00 g oil/mg protein, respectively, which was obtained by 0.025 or 0.05% 
protein solutions. This is in accordance with previous findings by Langley et al. (1988), 
who reported EC values of 0.05-1.0 mL oil/mg protein for WPI solution in similar 
conditions. The EC of medium heat skimmed milk powder (SMP MH) was 0.56 g 
oil/mg protein with a 0.05% protein solution, indicating that the EC of whey proteins 
was comparable to the EC of casein.
Emulsion stability 
The emulsion stability (ES) of UF DWPs was slightly increased at elevated protein 
contents, though there were no statistically significant differences. Leman et al. (1988) 
found that the ES was increased with increased protein, and especially β-LG content. On 
the other hand, Yamauchi et al. (1980) found that the ES decreased with increasing ionic 
strength, especially at elevated concentrations of Na+ and Ca2+. The effect of elevated 
protein content may thus have been diminished by increased ionic strength of the 
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solution: the increase of the protein content also resulted in elevated ash content of the 
solution. The ES of the REF DWP was slightly reduced, possibly due to the elevated 
Na+ concentration. However, the differences were negligible. The ES of all samples was 
26.7-31.0%. The ES of the DWPs was comparable to SMP. 
3.6 Effect of CF of ceramic microfiltration of cheese milk on the recovery 
yield of whey components and composition of whey (III, IV) 
3.6.1 Permeability of the milk components  
Casein was retained almost completely in the MF retentate at all CF values, resulting in 
an increase of casein to total solids (TS) from 78% (skim milk) to 92% (CF 10.5). 
Lactose was removed efficiently by diafiltration (DF) with water, increasing the total 
protein (TP) content of the retentate to ca. 80% of TS. β-LG was significantly more 
retained in the MF retentate than α-LA at all CF values, being in accordance with 
Tolkach and Kulozik (2004). However, Zulewska et al. (2009) found no difference in the 
retention of α-LA and β-LG with ceramic MF. At CF 1.4, the retention of WP was 
significant, indicated by the low protein content in the MF permeate (Figure 13). In 
addition to residual α-LA and β−LG, other whey proteins were also present in the MF 
retentate, as the recovery yield of total whey proteins (WP) from milk to whey was 
significantly elevated compared to the combined recovery yieds of α-LA and β-LG. 
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Figure 13. Protein content (g/100 g total solids) of the ceramic microfiltration (MF) 
permeates as a function of volume concentration factor (CF), mean±standard deviation 
(n=3). REF WHEY=reference whey. Results sharing the same superscript are not 
significantly different  (p>0.05). 
The 3.2-3.5%-unit difference between reference whey and DF permeate equals the 
amount of CMP present in the reference whey. The CMP content of the whey proteins 
was therefore approximately 23% of whey proteins, which is supported by Thomä-
Worringer et al. (2006). As the CF was elevated to 10.5, the RY of TP from milk to 
whey decreased from 21 to 12%, as expected. However, statistically significant 
differences in the recovery yield of individual protein components could not be detected, 
due to the limitations set by the accuracy of analysis and dilute solutions. 
3.6.2 Whey composition 
Even after diafiltration (DF) to CF 10.5, there was a considerable amount of β-LG and 
other whey proteins in the whey (Figure 14). The CMP content in TP was elevated from 
30% (CF 4) to 40% (CF 10.5). The average CMP content was 1.4 g/L of whey, which 
was in accordance with the literature data (Swaisgood, 2003a; Kreuss and Kulozik, 
2006). The total yield of CMP varied from 43 to 55 g/kg casein.  
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Figure 14. Ceramic microfiltration (MF). Protein composition as a function of volume 
concentration factor CF (-), mean±standard deviation (n=3). CF 1.0=reference whey. α-
LA=α-lactalbumin, β-LG=β-lactoglobulin, CMP=caseinomacropeptides. Results sharing 
the same superscript are not significantly different  (p>0.05).  
3.7 Effect of diafiltration of milk with polymeric MF membranes on the 
recovery yield of whey components and whey composition (V-VII) 
3.7.1 Permeability of whey proteins (V) 
The protein composition of the MF permeate varied according to the CF (Figure 15). 
The content of whey proteins obtained maximum value at CF 4. This was to be expected 
since the protein content reached the maximum also in the retentate. During diafiltration, 
the injection of the UF permeate was equal to the MF permeate formation stabilising the 
casein content in the retentate. Immediately at the beginning of the DF with UF 
permeate, the content of whey proteins in the MF permeate began to decrease, reaching 
negligible levels after CF 70. The mass flux of the whey proteins after CF 70 was 
considered not useful for practical purposes. The residual α-LA and β-LG were retained 
in the retentate probably due to the formation of concentration polarisation layer near 
membrane surface. Therefore, additional DF would have resulted in limited decrease in 
whey protein content in the retentate. 
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Figure 15. The α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) content in the 
permeate of polymeric microfiltration (MF) permeate as a function of volume 
concentrationt factor (CF).  
The UF permeate, which was used as a DF medium, contained lactose, NPN and 
minerals approximately in the amounts found in milk. Consequently, the TS, lactose and 
NPN contents of the retentate and permeate were practically constant during the whole 
duration of filtration. The residual fat of skimmed milk was completely retained in the 
retentate. The permeate was clear, also indicating that permeation of fat and micellar 
casein was limited. The retention of casein was at least 98%; more accurate estimation 
was difficult due to the large quantity of permeate and the limits set by the accuracy of 
analysis. However, traces of casein were detected in the permeate. 
The β-LG content in the MF retentate was reduced from 9.6 to 0.9% of TP (93.5% 
reduction). The α-LA content was reduced from 3.9 to 0.2% (95.8% reduction). There 
was no significant difference between the permeability rates of α-LA and β-LG. The 
permeability of α-LA and β-LG was considerably higher for this type of polymeric  MF 
membrane than previously reported (Lawrence et al., 2008; Zulewska et al., 2009). The 
filtration at 50°C clearly enhanced the permeability and selectivity of the membrane. 
Govindasamy-Lucey et al. (2007) filtrated skimmed milk at <7°C using the Synder 
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FR2B membranes, also used in this study. Despite two DF steps, the permeation of 
proteins was only 36%, of which ca. 22% consisted of β-casein.  
Most of α-LA and β-LG were transferred into the permeate already after the first 
diafiltration step (CF 10), further diafiltration did not significantly decrease their content 
in the retentate. The WP content of total proteins (TP) was reduced from 15.4% 
(skimmed milk) to 4.5% (CF 70 retentate), equalling only 77% reduction. This indicated 
that the permeation of large MW whey proteins was reduced, as was observed also with 
ceramic membranes (IV). The retention of high MW whey proteins has been observed 
with both ceramic (Jost et al., 1999) and polymeric MF membranes (Lawrence et al., 
2008; Neocleus et al., 2002; Nelson and Barbano, 2005a; Zulewska et al., 2009).  
3.7.2 Milk composition obtained by polymeric microfiltration (V) 
The vat milks were composed of the MF retentates. Compared to the reference milk, the 
contents of WP, α-LA and β-LG in the CF 70 milk were reduced by 70, 87 and 88%, 
respectively, again indicating reduced permeation of large MW whey proteins in the 800 
kDa MF permeate. The calcium content was significantly elevated (34 to 35 mg Ca/g 
protein) in all MF milks compared to reference (32 mg Ca/g protein), due to calcium 
bound to micellar casein.  
3.7.3 Recovery yield of whey components from milk to whey (VI) 
The RY of fat and Ca in whey was significantly decreased in all MF milks. However, the 
CF (the content of whey proteins) had no effect, supporting the findings of Brandsma 
and Rizvi (2001). The recovery of total protein was naturally enhanced by the increasing 
CF, as the ratio of casein to TP increased with increasing CF. The RY of β-LG of 
reference whey was significantly higher compared to all MF wheys, indicating that 
elevated casein content might increase the occurrence of β-casein-β-LG complex 
formation as described by Maubois (2002). There was no strong evidence of enhanced 
occlusion of native whey proteins into casein matrix, which is in accordance with the 
results obtained in study I.  
The concentration factor or elevation of protein concentration had no significant effect 
on the concentration, yield or quality of CMP. The yield was 48 to 55 g/kg casein. The 
ratio of GMP in CMP ranged from 56% to 58%.  
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3.7.4 Whey composition (VI) 
The volume and mass of the MF wheys were reduced by approximately 20% in 
comparison to reference whey, as was expected. The quantity of TS in MF wheys was 
significantly decreased, as lactose was partly removed into the MF permeate. Although 
the quantity of fat was significantly reduced in all MF wheys, the content in whey was 
comparable to REF whey, as the whey volume was reduced.  
There was still 66% of TS, 47% of TP and 34% of WP in the CF 70 whey compared to 
the amount present in the reference whey (Figure 16). Though the casein to TP ratio 
increased in MF wheys, the quantity of residual casein in all MF wheys decreased 
compared to the reference whey (Figure 16). This indicates that elevation of casein 
content by MF could enhance the casein yield, as suggested also by Maubois (2002).  
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Figure 16. Yield of total solids (TS), total protein (TP), casein, whey proteins (WP), α-
lactalbumin (α-LA) and β-lactoglobulin (β-LG) in wheys obtained from milk produced 
from microfiltered (MF) milk retentate. REF=reference whey. The yield was calculated 
by comparing the mass of the component in MF whey to the mass of the component in 
the REF whey as a function of volume concentration factor (CF) of the MF, mean ± 
standard deviation (n=4).  
Although NPN was lost to MF permeate, new NPN was introduced into the MF system 
with the DF medium, which was the UF permeate. Simultaneously, WP was removed 
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from the retentate. Hence, the NPN content in TP was increased significantly as CF 
increased until CF 10 (Figure 17). The WP to TP ratio was not significantly different 
between CF 4, CF 10 and CF 70 wheys.  
The CMP to (α-LA+β-LG) ratio increased from 0.43 (REF whey) to 4.3 (CF 70 whey). 
However, the CMP to WP ratio was approximately 1 (Figure 17).  Hence, it is evident 
that, other whey proteins were also present in the MF milk and released into whey after 
renneting, as suggested also by Jost et al. (1999).  
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Figure 17. Protein composition in MF wheys as a function of volume concentration 
factor (CF), mean±standard deviation (n=4). The MF wheys were obtained from cheese 
milk produced from microfiltered (MF) milk retentate. REF=reference whey, TP=total 
protein, WP=whey proteins, NPN-P= (NPN×6.38), α-LA=α-lactalbumin and β-LG=β-
lactoglobulin, CMP= caseinomacropeptides. 
3.7.5 WPC composition (VII) 
The casein content in the MF WPC powders was increased from 4% (REF WPC) to 6-
7% of TP. This was due to the decreased amount of whey proteins. The content of α-LA 
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of TP was reduced from 15% to 4% (WPC CF 70); β-LG from 48% to 14%. The whey 
protein (WP) content of total protein was reduced only from 89% to 77%. The CMP 
content was elevated in all WPC powders produced with MF, as expected. With CF 10, 
the content of CMP was increased from the reference WPC level of 23% to 48% (of TP), 
and was further increased to 69% in WPC CF 70. This was also shown as increased 
NPN content of total protein from the reference level of 8% to 14% of total protein in 
WPC CF 70, as GMP belongs partially to the NPN fraction (van Bockel, 1993). 
According to the SDS-PAGE analysis of the WPC powders, large whey proteins were 
present in the MF WPC powders. Additionally, their relative content was significantly 
reduced in NWPC, LF was nearly absent. The effect of CF on the mineral content was 
limited. 
Amino acid composition of the MF WPC powders 
Since CMP and GMP lack amino acids Tyr, Phe, and Trp, and are rich in Thr and Ile 
(Table 1), significant differences between the REF and MF WPC powders were 
expected concerning these amino acids. The Thr content was indeed statistically higher 
and Trp content already lower at CF 4 (Table 5). Therefore, MF WPC would be less 
suitable for infant nutrition where decreased levels of Thr and elevated levels of Trp are 
currently preferred (De Wit, 1998). The abundance Phe, Tyr and Trp in the MF WPC 
powders suggested a presence of significant amount of residual whey proteins. The 
amino acid profile of NWPC was significantly different from the WPC powders. The 
absence of CMP in NWPC was indicated by the reduced concentration of Thr and Ile 
and the increased concentration of aromatic amino acids  
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Table 5. Essential amino acid composition (g/100 g of total amino acids) of whey 
protein concentrates (WPC), mean ± standard deviation (n=3). The whey was obtained 
from Edam cheese production, in which 800 kDa microfiltration (MF) retentates with 
different concentration factors (CF) was used. REF WPC=reference whey produced 
from cheese whey, NWPC= WPC produced from the 800 kDa MF permeate.  
REF WPC WPC CF 4 WPC CF 10 WPC CF 70 NWPC
Thr 6.82±0.01a 8.36±0.24ab 9.11±0.98bc 10.62±0.21c 4.66±0.05d
Cys 2.46±0.13a 1.93±0.04ab 1.61±0.38b 1.21±0.10b 3.21±0.09c
Val 5.91±0.16a 6.55±0.01ab 6.90±0.39b 7.00±0.06b 4.77±0.15c
Ile 6.25±0.04a 6.76±0.03a 7.05±0.48a 7.26±0.24a 5.73±0.09c
Leu 10.32±0.07a 8.75±0.22ab 7.85±1.06bc 6.52±0.06c 11.94±0.09d
Met 2.03±0.06a 1.92±0.02a 1.85±0.37a 1.99±0.05a 2.06±0.01a
Tyr 2.72±0.06a 2.29±0.09ab 2.04±0.33ab 1.58±0.08b 3.38±0.02c
Phe 2.98±0.03a 2.75±0.06a 2.67±0.16a 2.29±0.01b 3.38±0.02c
His 1.77±0.01a 1.79±0.05a 1.73±0.09a 1.40±0.10b 1.97±0.03c
Lys 9.15±0.04a 8.35±0.10ab 7.92±0.36b 7.52±0.15c 9.72±0.03d
Arg 2.29±0.03a 2.25±0.08a 2.20±0.22a 1.95±0.06a 2.26±0.06a
Trp 1.76±0.03a 1.30±0.05b 1.07±0.26b 0.78±0.03b 2.22±0.04c
Samples in the same row sharing the same superscript are not statistically different 
 (p >0.05) 
Calculated protein composition according to amino acid analysis data 
The results obtained with linear regression analysis of the amino acid composition 
(Table 6) supported the results obtained by SDS-PAGE. The calculated relative 
concentration of IgG in MF whey indeed significantly increased with increasing CF. The 
BSA content in the WPC powders remained relatively constant, indicating that the 
permeability of BSA was considerable. This was supported also by the considerable 
amount of BSA in the NWPC powder. The calculated contents of α-LA, β-LG and CMP 
were also compared with results obtained by HPLC (Table 6). The content of α-LA 
correlated well with the HPLC analysis results. The calculated β-LG content was 
considerably higher, indicating that some denaturation occurred during filtration in the 
retentate, and the major part of “casein” is in fact denatured β-LG. As the proteins were 
completely in a native form in the MF permeate, the correlation of calculated and 
analysed β-LG in the NWPC was very good.  The correlation of calculated and analysed 
CMP was reasonably good, although the difference in WPC CF70 was considerable. 
This may be due to difficulties in interpreting the multiple GMP peaks in the HPLC 
analysis. To support the results obtained from WPC powders REF to CF 70, the relative 
concentrations of BSA and IgG were considerably decreased in the NWPC powder. 
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Lactoferrin was not detected in the NWPC or WPC powders, possibly due to low 
concentration of the protein, or enhanced co-precipitation to cheese.  
Table 6. Statistical estimate of the whey protein (WP) composition of the WPC powders 
based on the amino acid data, mean±standard deviation*. CF=concentration factor of the 
800 kDa microfiltration (MF) retentate used in Edam cheese production. NWPC=WPC 
produced from the 800 kDa MF permeate. REF WPC=WPC produced from cheese 
whey. α-LA=α-lactalbumin, β-LG=β-lactoglobulin, BSA=bovine serum albumin, 
CMP=caseinomacropeptides, IgG1=immunoglobulin G1, LF=lactoferrin. 
REF WPC CF 4 WPC CF 10 WPC CF 70 NWPC
α-LA 15±4 9±4 4±4 2±4 23±4
α-LA** 14±1 9±0 8±2 5±2 28±1
β-LG 53±1 44±6 33±6 27±6 69±7
β-LG** 41±6 20±2 11±9 5±2 68±4
CMP 20±3 30±3 44±3 49±3 4±3
CMP** 24±1 42±4 48±2 64±1 0
BSA 12±6 10±6 11±6 12±6 8±6
IgG1 3±3 8±4 9±4 12±4 0±3
LF 0 0 0 0 0
* The standard deviation of the result is calculated on basis of the accuracy of the 
amino acid analysis method according to Krutchkoff (1970).** Mean±standard 
deviation (n=3) analysed by the HPLC method (Thomä et al., 2006). 
3.7.6 Effect of the MF treatment of milk on the amino acid composition of 
infant formula (I, VII)   
Compositional data of the MF WPC powders from studies I and VII were used to 
calculate a model infant formula as described in 3.4. As expected on basis of the WPC 
amino acid data, the quantities of Cys and Trp failed to comply with the EU standard 
(Anon., 2006a) already at CF 1.4-4. At CF 70 this was a case also with Tyr and Phe. 
The quantity of Leu also decreased close to the minimum allowed concentration at CF 
70 (Figure 18). The amino acid profile of infant formula produced from NWPC was 
significantly better compared to formula produced with WPC powders originating from 
cheese whey. 
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Figure 18. Whey protein concentrate (WPC) powder produced from whey from 
microfiltered (MF) milk. Effect of volume concentration factor (CF) on the amino acid 
composition of infant formula. REF=traditional processs, no MF treatment; MF 1.4-
70=whey from cheese process in which MF retentate with CF 1.4-70 was used. EU= 
Minimum content of essential and conditionally essential amino acids in infant formulae 
according to EU Commission directive 2006/141/EU (Anon., 2006). NWPC=native 
WPC obtained from MF permeate. 
3.8 Effect of CMP on the whey protein isolate gel hardness (VIII) 
As the ionic environment of the gel have a strong impact on the gel characteristics, the  
effect of CMP content in the gels produced with whey protein isolate was studied in 
strictly controlled ionic environment. The Na+ concentration of the protein gels was 
adjusted to 218 mM, the Ca2+ concentration varied from 11.1 to 19.6 mM. Regardless of 
the Ca2+ concentration, the WPI gel strength significantly decreased as the content of 
CMP increased (Figure 19). This is in accordance with Britten and Pouliot (1996), who 
observed significant decrease in the gel strength of cheese whey concentrate in 
comparison with NWPC in similar conditions (15 mM Ca2+). The Ca2+ concentration 
had no significant effect on the gel hardness, though there was a slight increase in the 
mean hardness at 19.6 mM Ca2+. 
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Figure 19. Gel hardness of the caseinomacropeptide (CMP) enriched whey protein 
isolate (WPI) gels as a function of Ca2+ concentration in 218 mM Na+ solution, 
mean±standard deviation, n=8. Results sharing the same superscript are not statistically 
significantly different (p>0.05).  
The decrease in the compression force could be thought to be caused solely by the 
decrease in the concentration of the functional protein β-LG, which was ca. 65% (WPI 
without CMP addition) to 59% (20% CMP addition). To verify this, the β-LG 
concentration was adjusted to 50% of total protein with α-LA and CMP ranging from 10 
to 40%. As expected, the compression force was the lowest for the gel with 40% CMP. 
However, there was little difference in the hardness of the gels with 10 and 20% CMP. 
All gels were opaque-white, as expected in the prescence of 218 mM Na+. No 
significant effect on texture was observed. Interaction of α-LA with β-LG was clearly 
stronger than interaction between CMP and β-LG, supporting the findings of Rojas et al. 
(1997). Even though the number of free thiol groups (i.e. same β-LG concentration) was 
constant, decrease in the content of α-LA significantly reduced the gel network 
formation properties. The effect of ionic environment was also significant: all CMP-
enriched gels were much harder in all Ca2+ concentrations in the prescence of 218 mM 
Na+ than the WPI gels in the prescence of 30 mM Na+. 
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4 Conclusions 
High-temperature heat treatment (HH) of cheese milk had no significant effect on the 
content of fat, NPN or total proteins (TP) of HH milk. In HH whey, the quantity of 
native whey proteins (WP) and α-LA was reduced by approximately 10%, and β-LG by 
20%, and the relative concentration of CMP and “casein” (denatured WP) was elevated. 
However, the HH treatment did not have significant effect on the nutritional value of the 
HH whey. The amino acid compositions of the WPC and DWP powders produced from 
HH whey were comparable to reference powders. 
Ultrafiltration (UF) of vat milk produced 22-24% less whey by comparison to the 
reference processes (studies I and II).  In the UF process, protein denaturation was 
negligible, but approximately 12.3% of native WP was enclosed in the cheese curd and 
thus removed from the whey fraction. Approximately 20% of NPN was lost in the UF 
permeate, totalling non-casein loss of 13.3%. As the recovery yield (RY) from cheese 
milk to whey was not increased in proportion to volume loss, the protein concentration, 
as well as the concentration of individual whey proteins α-LA, β-LG and CMP was 
significantly elevated. Recovery of whey proteins and fat to cheese was enhanced by 
UF. However, the loss of whey proteins into the cheese matrix did not have a significant 
effect on the nutritional value of the UF whey. In relation to the total amino acids, the 
amino acid composition of the WPC and DWP powders produced from UF whey were 
comparable to reference powders.  
The combination of HH and UF (HHUF) of vat milk produced whey with significantly 
(25%) reduced mass and total solids, whereas the whey protein recovery from vat milk 
to whey was reduced by 20%, compared to refence processes. HH treatment of high-
protein UF milk reduced the concentration of the protein and β-LG in UFHH whey close 
to the concentration of reference whey. The concentrations of α-LA and CMP, being 
more heat stable, remained elevated compared to reference whey. Despite the slight 
alteration in the protein profile, the amino acid composition of the DWP powders 
produced was comparable to the amino acid profile of the reference DWP. The ready-to-
feed model infant formulas produced with HH, UF and UFHH DWPs were in 
accordance with the specifications set by EU legislation. The HH, UF and HHUF 
treatments had no negative effect on the functional characteristics of the DWP powders. 
HH treatment improved the heat stability of the DWP powders. 
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Elevation of casein concentration of cheese vat by microfiltration (MF) milk enhanced 
the recovery of casein and fat to cheese. The recovery was not affected by volume 
concentration factor. The content of α-LA and β-LG could be effectively reduced in the 
polymeric MF retentate using volume concentration factor (CF) of 70. However, large 
MW whey proteins were retained both in the ceramic and polymeric MF retentates, and 
could not be removed even with considerable diafiltration. Consequently, cheese whey 
with significantly altered protein and amino acid composition was produced. The 
nutritional quality of the MF whey, as well as the model ready-to-feed infant formulas 
produced threof, was impaired already with low CF values. Increase of CMP 
concentration in relation to α-LA and β-LG, as with MF whey, significantly reduced the 
whey protein gel hardness in all ionic environments. 
HH and UFHH treatment of cheese milk produced whey of which acceptable DWP and 
WPC could be produced. UF treatment was also well suited for DWP production after 
standardisation of protein content. It appears that all whey protein components were lost 
approximately in the same proportion, resulting in comparable amino acid 
compositions. MF treatment had a negative effect on the composition as well as on the 
nutritional and fuctional characteristics of whey products. The nutritional quality and 
fuctional characteristics of the “native” MF permeate are excellent, but the utilisation of 
the MF cheese whey remains a challenge for the milk processing industry.  
                                                                65
References 
Aguilerea, J.M., Gelation of whey proteins, Food Techn. 10 (1995) 83-89.  
Akbache, A., Lamiot, É., Moroni, O., Turgeon, S., Gauthier, S., Pouliot, Y., Use of 
membrane processing to concentrate TGF-β2 and IGF-I from bovine milk and whey, J. 
Membrane Sci. 326 (2) (2009) 435-440. 
Anon., Commission Directive 2006/141/EC on infant formulae and follow-on formulae, 
http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32006L0141:EN:NOT
Anon., Comprehensive review of scientific literature pertaining to nitrogen protein 
conversion factors, IDF Bulletin 405, International Dairy Federation, Brussels (2006b)  
7-10.  
Ardisson-Korat, A.V., Rizvi, S.S.H., Vatless manufacturing of low-moisture part-skim 
Mozzarella cheese from highly concentrated skim milk microfiltration retentates, J. 
Dairy Sci. 87 (2004) 3601-3613. 
Bachmann, M., Schaub, W., Rolle, M., Beitrag zum Problem der Molkenverwentung, 
Schweitzerische Michwirtschaftliche Forschung 4 (1975) 1-8. 
Banks, J. M., Law, A. J. R., Leaver, J., Horne, D. S., The inclusion of whey proteins in 
cheese – an overview. In Cheese Yield & Factors Affecting its Control, IDF Bull. 9402, 
Brussels (1993) 397-401.  
Brandsma, R.L, Rizvi, S.S.H., Manufacture of Mozzarella cheese from highly 
concentrated skim milk microfiltration retentate depleted of whey proteins, Int. J. Food 
Sci. Techn. 36 (2001) 611-624.  
Britten, M., Pouliot, Y., Characterization of whey protein isolate obtained from milk 
microfiltration permeate, Lait 76 (1996) 255-265. 
Brown, R.J., Ernström, C.A., Incorporation of ultrafiltration whey solids into cheddar 
cheese for increased yield, J. Dairy Sci. 65 (1982) 2391-2395. 
                                                                66
Calvo, M., Leaver, J., Banks, J.M., Influence of other whey proteins on the heat-induced 
aggregation of α-lactalbumin, Int. Dairy J. 3 (1993) 719-727. 
Caron, A., St-Gelais, D., Pouliot, Y., Coagulation of milk enriched with ultrafiltered of 
diafiltered microfiltered milk retentate powders, Int. Dairy J. 7 (1997) 445-451. 
Casal, E., Corzo, N., Moreno, F.J., Olano, A., Selective recovery of glycosylated 
caseinomacropeptide with chitosan, J. Agric. Food Chem. 53 (2005) 1201-1204. 
Dalgleish, D.A., Denaturation and aggregation of serum proteins and caseins in heated 
milk, J. Agric. Food Chem. 38 (1990) 1995-1998. 
Dannenberg, F., Kessler, H.G., Reaction kinetics of the denaturation of whey proteins in 
milk, J. Food Sci. 53 (1988a) 258-263. 
Dannenberg, F., Kessler, H.G., Thermodynamic approach to kinetics of β-lactoglobulin 
denaturation in heated skim milk and sweet whey, Milchwissenschaft 43 (1988b) 137-
142. 
Davies, D.T., The quantitative partition of the albumin fraction of milk serum proteins 
by gel chromatography, J.Dairy Res. 41 (1974) 217-220. 
Davies J.R.D., White, J.C.D., The stability of milk protein to heat. I. Subjective 
measurement of heat stability of milk, J. Dairy Res. 33 (1966) 67-81. 
De Wit, J.N. Structure and functional behaviour of whey proteins, Neth. Milk Dairy J. 
35 (1981) 47-67. 
De Wit, J.N., Functional properties of whey proteins (ed. P.F. Fox). Developments in 
Dairy Chemistry-4. Elsevier Applied Science, London (1989) 285-319. 
De Wit, J.N., Nutritional and functional characteristics of whey proteins in food 
products, J. of Dairy Sci. 81 (1998) 597-608. 
                                                                67
De Wit, J.N., Klarenbeek, G., Adamse, M., Evaluation of functional properties of whey 
proetins concentrates and whey protein isolates. 2. Effects of processing history and 
composition, Neth. Milk Dairy J. 40 (1986) 41-56.  
De Wit, J.N., Klarenbeek, G., Adamse, M., Evaluation of functional properties of whey 
proetins concentrates and whey protein isolates. 3. Functional properties in aqueous 
solution, Neth. Milk Dairy J. 42 (1988) 155-172.  
Delfour, A., Jolles, J., Alais, C., Jolles, P., Caseino-glycopeptides: Characterization of a 
methionine residue and of the N-terminal sequence. Biochem. Biophys. Res. Comm. 19 
(1965) 452-455. 
Doi, E., Gels and gelling of globular proteins,  Food Sci. Techn. 4 (1993) 1-5.  
Eigel, W.N., Butler, J.E., Ernström, C.A., Farrell, H.M., Harwalkar, V.R., Jenness, R., 
Whitney, R. M., Nomenclature of proteins of cow’s milk: fifth revision, J. Dairy Sci. 67 
(1984) 1599-1631. 
Fligner, K.L., Fligner, M.A., Mangino, M.E., Accelerated tests for predicting long-term 
creaming of infant formula emulsion systems, Food Hydrocolloids 5 (1991) 269-280. 
Foegeding, E.A., Bowland, E.L., Hardin, C.C., Factors that determine the fracture 
properties and microstructure of globular protein gels, Food Hydrocolloids 9 (1995) 
237-249.  
Fox, P.F.,  Milk proteins: general and historic aspects, in Advanced Dairy Chemistry – 
1, Proteins, 3rd Edition (ed. P.F. Fox and P.L.H. McSweeney), Kluwer Academic/ 
Plenum Publishers, New York, USA (2003) 5-55. 
Garem, A., Schuck, P., Maubois, J.-L. Cheesemaking properties of a new dairy-based 
powder made by combination of microfiltration and ultrafiltration, Lait 80 (2000) 25-
32. 
Gault, P., Fauquant, J., Heat-induced gelation of β-lactoglobulin. Influence of pH, ionic 
strength and presence of other whey proteins,  Lait 72 (1992) 491-510.  
                                                                68
Gésan-Guiziou, G., Boyaval, E., Daufin, G., Critical stability conditions in crossflow 
microfiltration of skimmed milk: transition to irreversible deposition, J. Membrane Sci. 
158 (1999) 211-222.  
Gésan-Guiziou, G., Daufin, G., Boyaval, E., Critical stability conditions in skimmed 
milk crossflow microfiltration: impact on operating modes, Lait. 80 (2000) 129-140.  
Gezimati, J., Creamer, L.K., Singh, H., Heat-induced interactions and gelation of 
mixtures of β-lactoglobulin and α-lactalbumin, J. Agric. Food Chem. 45 (1997) 1130-
1136.  
Gezimati, J., Creamer, L.K., Singh, H., Heat-induced interactions and gelation of 
mixtures of bovine β-lactoglobulin and serum albumin, Agric. Food Chem. 44 (1996) 
808-810.  
Govindasamy-Lucey, S., Jaeggi, J.J., Bostley, A.L., Johnson, M.E., Lucey, J.A., Use of 
cold microfiltration retentates produced with polymeric membranes for standardization 
of milks for manufacture of pizza cheese, J. Dairy Sci. 90 (2007) 4552-4568. 
Govindasamy-Lucey, S., Jaeggi, J.J., Johnson, M.E., Wang, T.., Lucey, J.A., 
Standardisation of milk using cold ultrafiltration retentates for the manufacture of 
parmesan cheese, J. Dairy Sci. 87 (2004) 2789-2799.
Guinee, T.P., Pudja, P.D., Mulholland, E.O., Effect of milk protein standardization by 
ultrafiltration on the manufacture, composition and maturation of Cheddar cheese, J. 
Dairy Res. 61 (1994) 117-131.  
Guinee, T.P., O’Kennedy, Kelly, P.M., Effect of milk protein standardisation using 
different methods on the composition and yields of cheddar cheese, J. Dairy Sci. 89 
(2006) 468-482. 
Harju, M., Lactose, its derivatives and their hydrolysis, Dissertation thesis, Finnish J. 
Dairy Sci. 49 (1991) 1-31.  
                                                                69
Harper, W.J., Properties of whey protein concentrates and their relationship to 
ultrafiltration, IDF Special issue 9201, International Dairy Federation, Brussesls (1991) 
77-108. 
Harville, D.A., Matrix algebra from a statistician’s perspective, Springer Verlag, New 
York (1997) 142-156. 
Haque Z.U., Mozaffar Z., Casein hydrolysate II. Functional properties of peptides, Food 
Hydrocolloids 5 (1992) 559-571. 
Heino, A.T., Uusi-.Rauva, J.O., & Outinen, M., Pre-treatment methods of Edam cheese 
milk. Effect on the cheese yield and composition. LWT-Food Science and Technology 
(2009) doi:10.1016/j.lwt.2009.11.004. 
Heino, A.T., Uusi-Rauva, J.O., Rantamäki, P.R., Tossavainen, O., Functional properties 
of native and cheese whey protein concentrate powders, Int. J. Dairy Techn. 60 (2007) 
277-285.  
Hidalgo, J., Gamper E., Solubility and heat stability of whey protein concentrates, J. 
Dairy Sci. 60 (1977) 1515-1518. 
Hillier, R.M., Lyster, R.J., Cheeseman, G.C., Gelation of reconstituted whey powders 
by heat, J. Sci. Food Agric. 32 (1980) 1152-1157.  
Hines, M.E., Foegeding, E.A., Interactions of α-lactalbumin and bovine serum albumin 
of whey protein concentrates and their relationship to protein functionality, J. Agric. 
Food Chem. 41 (1993) 341-346. 
Hinrichs, J., Incorporation of whey proteins in cheese, Int. Dairy J. 11 (2001) 495-503. 
Hoppe, G.K., Higgins, J.J., Demineralization, In: Whey and lactose processing (ed. J.G 
Zadow), Elsevier Applied Science, London (1992), 91-131. 
Huang, C., Yong L., Shulze, E.E., Digestion of plant tissue for analysis by ICP emission 
spectroscopy, Commun. in Soil Plant Anal. 16 (1985) 943-958.  
                                                                70
IDF. 1987. Cream. Determination of Fat Content. IDF Standard 16C:  Röse-Gottlieb 
method. Brussels, Belgium, International Dairy Federation. 
IDF. 1987. Milk. Determination of Milk Fat Content. IDF Standard 1C:  Röse-Gottlieb 
method. Brussels, Belgium, International Dairy Federation. 
IDF. 1996. Whey. Determination of Fat Content. IDF Standard 1D:  Röse-Gottlieb 
method. Brussels, Belgium, International Dairy Federation. 
IDF. 2002. Dried milk, dried ice mixes and processed cheese.  Determination of Lactose 
Content-Part 2. IDF Standard 79-2/ISO 5765.  Brussels, Belgium, International Dairy 
Federation. 
IDF. 1987. Milk, cream and evaporated milk. IDF Standard 21B. Determination of 
Total Solids Content. 
IDF. 1964. Milk. Determination of Casein-Nitrogen Content. IDF Standard 29/ISO 
8968-1. Brussels, Belgium, International Dairy Federation. 
IDF. 2002. Milk. Determination of Nitrogen-Part 1.Kjeldahl method. IDF Standard 20-
1/ISO 2968-1. Brussels, International Dairy Federation. 
IDF. 2002. Milk. Determination of Nitrogen-Part 4. Determination of non-protein-
nitrogen content.  IDF Standard 20-4/ISO 2968-4. Brussels, Belgium, International 
Dairy Federation 
ISO 13903:2005. Animal feeding stuffs - Determination of amino acid content, 
International Organisation of Standardisation. 
ISO 13904:2005. Animal feeding stuffs - Determination of tryptophan content, 
International Organisation of Standardisation. 
Jang, H.D., Swaisgood, H.E., Disulfide bond formation between thermally denatured b-
lactoglobulin and κ-casein in casein micelles, J. Dairy Sci. 73 (1990) 900-904. 
                                                                71
Jost, A., Brandsma, R., Rizvi, S., Protein composition of micellar casein obtained by 
crossflow microfiltration of skimmed milk, Int. Dairy J. 9 (1999) 389-390. 
Kawasaki, Y., Kawakami, H., Tanimoto, M., Dosako, S., Tomizawa, A., Kotake, M., 
Nakajima, I., pH-dependent molecular weight changes of κ-casein glycomacropeptide 
and its preparation by ultrafiltration, Milchwissenschaft 48 (1993) 191-195. 
Kawakami, H., Kawasaki, Y., Dosako, S., Tanimoto, M., Nakajima, I., Determination of 
κ-casein glycomacropeptide by high performace liquid chromatography without 
trichloroacetic acid pretreatment, Milchwissenschaft 47 (1992) 688-693. 
Kessler H.G., Cheese manufacture. In: Bioprocess Engineering. Dairy Technology, 5th
ed., Verlag A. Kessler, Munich, Germany (2002) 430-431. 
Koletzko B., Baker S., Cleghorn G., Neto U.F., Gopalan S, Hernell O., Hock Q.S., 
Jirapinho P., Lonnerdahl B.,  Pencharz P., Pzyrembel H., Ramirez-Mayans J., Shamir R., 
Turck D., Yamashiro Y., Zong-Yi D., Global standard for the composition of infant 
formula: recommendations of an ESPGHAN coordinated international expert group,  J. 
Pediatric Gastroent. Nutr. 41 (2005) 584-599. 
Kornhorst, A.L., Mangino, M.E., Prediction of the strength of whey protein gels based 
on composition, J. Food Sci. 50 (1985) 1403-1405. 
Kreuss, M., Kulozik, U., Glykoproteine-ihre physiologische Rolle im Stoffwechseln 
sowie vorkommen und Einsatzmöglichkeiten in der Milchindustrie, DMZ-Lebensmittel 
und  Milchwirtschaft. 22 (2006) 28-31.  
Krutchkoff, R.G., Probability and statistical inference, Gordon and Breach Science 
Publishers, New York (1970) 31-65. 
Kulozik, U., Kersten, M., New ways for the fractionation of dairy and minor 
constituents using UTP-membrane technology, IDF Bulletin 374 (2002) 37-42.  
Kumpulainen, J., Paakki, M., Analytical quality control program used in the trace 
elements in food and diets sub-network of the FAO European co-operative network on 
trace elements,  Fresenius J. Anal. Chem. 326 (1987) 684-689.  
                                                                72
Laemmli, U.K., Cleavage of structural proteins during the assembly of the head of 
bacterophage T4, Nature 277 (1970) 680-685.  
Langley, K.R., Green, M.L. J., Compression and impact strength of gels prepared from 
fractionated whey proteins in relation to composition and microstructure, J. Dairy Res. 
56 (1989) 275-284.  
Langley K., Millard D., Evans E.W., Emulsifying capacity of whey proteins produced 
by ion-exchange chromatography, J. Dairy Res. 55 (1988) 197-203. 
Larsson, B.L., Immunoglobulins of the mammary secretions in Advanced Dairy 
Chemistry – 1, Proteins, 1st Edition (ed. P.F. Fox and P.L.H. McSweeney), Elsevier 
Science Publishers Ltd., England (1992) 240. 
Lau, K.Y., Barbano, D.M., Rasmussen, R.R., Influence of pasteurization on fat and 
nitrogen recoveries and Chedar cheese yield,  J. Dairy Sci. 73 (1990) 561-570. 
Lay, D.C., Linear algebra and its applications, Pearson Addison Wesley, Boston (2006) 
43, 431-435. 
Law, A.J.R., Horne, D.S., Banks, J.M., Leaver, J., Heat-induced changes in the whey 
proteins and caseins, Milchwissenschaft 49 (1994) 125-129. 
Lawrence, N.D., Kentish, S.E., O’Connor, A.J., Barber, A.R., Stevens, G.W., 
Microfiltration of skim milk using polymeric membranes for casein concentrate 
manufacture, Sep. Purif. Techn. 60 (2008) 237-244. 
Le Berre, O., Daufin, G., Skimmilk crossflow microfiltration performance versus 
permeation flux to wall shear stress ratio, J. Membrane Sci. 117 (1996) 261-270. 
Leman J, Haque Z, Kinsella JE., Creaming stabillity of fluid emulsions containing 
different milk protein preparations, Milchwissenschaft 43 (1988) 286-289. 
                                                                73
Lieske, B., Konrad, G., A new method to estimate caseinomacropeptide and 
glycomacropeptide from trichloacetic acid filtrates, Milchwissenschaft, 51 (1996)   431-
435. 
Lieske, B., Konrad, G., Kleinschmidt, Th., Isolation of caseinomacropeptide from 
rennet whey by a multi-stage ultrafiltration process. I. Studies in the apparent molecular 
weight of caseinomacropeptide as a function of pH, Milchwissenschaft 59 (2004) 172-
175.  
Lieske, B., Konrad, G., Kleinschmidt, Th., Isolation of caseinomacropeptide from 
rennet whey by a multi-stage ultrafiltration process. II. Influence of pH and heating on 
the carbohydrate moiety of glycomacropeptide, Milchwissenschaft 59 (2004b) 291-294.  
Lieske, B., Konrad, G., Kleinschmidt, Th., Isolation of caseinomacropeptide from 
rennet whey by a multi-stage ultrafiltration process. III. Influence of pH in the first 
ultrafiltration step on the chemical properties of isolated glycomacropeptide, 
Milchwissenschaft 59 (2004c) 408-410.  
Lim, K., van Calcar, S., Nelson, K.L., Gleason, S.T., Ney, D.M., Acceptable low-
phenylalanine foods and beverages can be made with glycomacropeptide from cheese 
whey for individuals with PKU, Molecular Genetics and Metabolism, 92 (2007) 176-
178. 
Lindström, P., Paulsson, M., Nylander, T., Elofsson, U., Lindmark-Månsson, H., The 
effect of heat treatment on bovine immunoglobulins, Milchwissenschaft 49 (1994) 67-
70.  
Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., Protein measurement with the 
Folin phenol reagent, J. Biol. Chem. 193 (1951) 265-275.  
Lucey, J.A., Effect of heat treatment on the rennet coagulability of milk, IDF Special 
Issue 9501, International Dairy Federation, Brussels (1995) 171-187. 
Lucey, J.A., Gorry, C., Fox, P.F., Renneting properties of high heat treatment of milk, J. 
Agric. Sci. Finland 2 (1993) 361-369.  
                                                                74
Mainer, G., Sánches, L, Ena, J.M., Calvo, M., Kinetic and thermodynamic parameters 
for heat denaturation of bovine milk IgG, IgA and IgM, J. Food Sci. 62 (1997) 1034-
1038. 
Mangino, M., Physicochemical aspects of whey protein functionality, J. Dairy Sci. 67 
(1984) 2711-2722.  
Marcelo, P. A., Ritzvi, S.S.H., Physicochemical properties of liquid virgin whey protein 
isolate, Int. Dairy J. 18 (2008) 236-246. 
Margoshes, B.A., Correlation of protein sulfhydryls with the strength of heat-formed 
egg white gels, J. Food. Sci. 55 (1990) 1753-1756. 
Marshall, S.C., Casein macropeptide from whey -a new product opportunity, Food Res. 
Quarterly 51 (1991) 86-91. 
Martín-Diana, A.B., Peláez, C., Requena, T., Rheological and structural properties of 
fermented goat’s milk supplemented with caseinomacropeptide and whey protein 
concentrate,  Milchwissenschaft 59 (2004) 383-386. 
Matsudomi, A., Rector, D., Kinsella, J.E., Gelation of bovine serum albumin and β-
lactoglobulin: effects of pH, salts and thiol reagents, Food Chem. 40 (1991) 55-69. 
Matsudomi, N., Oshita, T., Sasaki, E., Kobayashi, K., Enhanced heat-induced gelation 
of β-lactoglobulin by α-lactalbumin, Biosci. Biotech. Biochem. 56 (1992) 1697-1700. 
Matsudomi, N., Oshita, T., Sasaki, E., Kobayashi, K., Kinsella, J.E., α-lactalbumin 
enhanches the gelation properties of bovine serum albumin, J. Agric. Food Chem. 41 
(1993) 1053-1057. 
Matsudomi, N., Oshita, T., Kobayashi, K., Synergistic interaction between β-
lactoglobulin and bovine serum albumin in heat-induced gelation, J. Dairy Sci. 77 
(1994) 1487-1493. 
                                                                75
Maubois, J.-L., Mocquot, G., Application of membrane ultrafiltration to preparation of 
various types of cheeses, J. Dairy Sci. 58 (1975) 1001-1007. 
Maubois, J.-L., Current uses and future perspectives of MF technology in the dairy 
industry, IDF Bulletin 320 (1997) 37-39.  
Maubois, J.-L., Membrane microfiltration, a tool for a new approach in dairy 
technology, Austr. J. Dairy Techn. 57 (2002) 92-96.  
Maubois, J.-L., Fauquant, J., Famelart, H., Caussin, F., Milk microfiltrate, a convenient 
starting materal for fractionation of whey proteins and derivatives, Proc. 3rd Int. Whey 
Conference, Munich, Germany (2001) 59-72. 
McMahon, D.J., Yousif, B.H., Kaláb, B.H., Effect of whey protein denaturation on 
structure of casein micelles and their rennetability after ultra-high temperature 
processing of milk with or without ultrafiltration, Int Dairy J. 3 (1993) 239-256.  
McSweeney, S., Mulvihill, D.M., O’Callaghan, D.M., The influence of pH on the heat-
induced aggregation of model milk protein systems and model infant formula emulsions 
stabilized by milk protein ingredients,  Food Hydrocolloids 18 (2004) 109-125. 
Mehra, R., Marnila, P., Korhonen, H., Milk immunoglobulins for health promotion, Int. 
Dairy J. 16 (2006) 1262-1271. 
Moon, B., Mangino. M.E., The effect of preheating on solubility and emulsion stability 
of whey protein concentrates, Milchwissenschaft 59 (2004) 165-169. 
Morr, C.V., Functionality of whey protein products, New Zealand J.Dairy Sci. Techn. 14 
(1979) 185-194. 
Morr, C.V., German, B., Kinsella, J.E., Regenstein, J.M., van Buren, J.P., Kilara, A., 
Lewis, B.A., Mangino, M.E., A collaborative study to develop a standardized food 
protein solubility procedure. J. Food Sci. 50 (1985) 1715-1718. 
Morr, C.V., Ha, E.Y.W., Whey protein concentrates and isolates: processing and 
functional properties, Crit. Rev. Food Sci. Nutr. 33 (1993) 431-476. 
                                                                76
Mulchandani, R.P., Josephson, R.V., Harper, W.J., Effects of processing on liquid infant 
formulas. I. Freshly processed products, J. Dairy Sci. 62 (1979) 1527-1536. 
Mulvihill, D.M., Kinsella, J.E, Gelation of β-lactoglobulin: effect of sodium chloride on 
the rheological and structural properties of gels, J. Food Sci. 53 (1988) 231-236.  
Nelson, B.K., Barbano, D.M., Yield and aging of Cheddar cheeses manufactured from 
milks with different serum protein contents, J. Dairy Sci. 88 (2005a) 4183-4194. 
Nelson, B.K., Barbano, D.M., A microfiltration process to maximise removal of serum 
proteins from skim milk before cheese making, J. Dairy Sci. 88 (2005b) 1891-1900. 
Neocleous, M., Barbano, D.M., Rudan, M.A., Impact of low concentration factor 
microfiltration on milk component recovery and cheddar cheese yield, J. Dairy Sci. 85 
(2002a) 2415-2424. 
Neocleous, M., Barbano, D.M., Rudan, M.A., Impact of low concentration factor 
microfiltration on the composition and aging of cheddar cheese, J. Dairy Sci., 85 
(2002b) 2425-2437. 
Ney, D.M., Draxler, A.K., van Calcar, S.C., Gleason, S.T., Nelson, K.L., Lim, K., Etzel, 
M.R., Efficacy of glycomacropeptide in the nutritional management of phenylketonuria, 
Proceedings of the 4th International Whey Conference, Chicago, American Dairy 
Products, Institute, New York (2005) 148-160. 
Outinen, M., Rantamäki, P., Gelation properties of whey protein isolate influenced by 
the concentration of κ-casein macropeptide, Milchwissenschaft 63 (2008) 77-80.  
Outinen, M., Tossavainen, O., Syväoja, E.-L., Korhonen, H., Chromatographic isolation 
of κ-casein macropeptide from cheese whey using a strong basic anion exchange resin, 
Milchwissenschaft 50 (1995) 570-574. 
                                                                77
Outinen, M., Tossavainen, O., Tupasela, T., Koskela, P., Koskinen, H., Rantamäki, P., 
Syväoja, E.-L., Antila, P., Kankare, V., Fractionation of proteins from whey with 
different pilot scale processes, Food Sci. Techn. 29 (1996) 411-417.  
Papadatos, A., Neocleous, M., Berger, A.M., Barbano, D.M., Economic feasibility 
evaluation of microfiltration of milk prior to cheesemaking, J. Dairy Sci. 86 (2003) 
1564-1577. 
Pearce, R.J. Whey processing, In: Whey and lactose processing (ed. J.G Zadow), 
Elsevier Applied Science, London (1992) 73-89. 
Pedersen, P. J., Ottosen, N., Manufacture of fresh cheese by ultrafiltration. In: New 
applications of membrane processes, IDF Bulletin 9201, International Dairy Federation, 
Brussels (1993) 67-76. 
Peri, C., Lucisano, M., Donati, E., Studies on coagulation of milk ultrafiltration 
retentates II. Kinetics of whey syneresis. Milchwissenschaft 40 (1985) 650-652. 
Pierce, A., Colavizza, D., Benaissa, M., Maes, P., Tratra, A., Montreuil, J., Spik, G., 
Molecular cloning and sequence analysis of bovine lactoferrin, Eur. J. Biochem. 196 
(1991) 177-184. 
Piry, A., Kühn, W., Grein, T., Tolkach, A., Ripperger, S., Kulozik, U., Length 
dependency of flux and protein permeation in crossflow microfiltration of skimmed 
milk, J. Membr. Sci. 325 (2008) 887-894. 
Plock, J., Spiegel, T., Kessler, H.G., Reaction kinetics of the thermal denaturation of 
whey proteins in sweet whey concentrated by evaporation, Milchwissenschaft 52 (1997) 
678-681. 
Plock, J., Spiegel, T., Kessler, H.G., Influence of the lactose concentration on the 
denaturation kinetics of whey proteins in concentrated sweet whey, Milchwissenschaft 
53 (1998) 389-393. 
Punidadas, P., Ritzvi, S.S.H., Separation of milk proteins into fractions rich in casein or 
whey proteins by cross flow filtration, Food Res. Int. 31 (1998) 265-272. 
                                                                78
Purnell, H., Phenylketonuria and maternal phenylketonuria, Breastfeeding Review 9 
(2001) 19-21. 
Quinn JR, Paton D., A practical measurement of water hydration capacity of protein 
materials, Cereal Chem. 56 (1979) 38-40. 
Rantamäki P, Tossavainen O, Outinen M, Tupasela T, Koskela P, Kaunismäki M., 
Functional properties of whey protein fractions produced in the pilot scale processes. 
Foaming, water-holding capacity and gelation, Milchwissenschaft 55 (2000) 569-572.  
Rojas, S.A., Goff, H.D., Senarathe, V., Dalgleish, G., Flores, A., Gelation of 
commercial fractions of β-lactoglobulin and α-lactalbumin, Int. Dairy J. 7 (1997) 79-85.  
Rüegg M, Moor U, Blanc B., A calorimetric study of the thermal denaturation of whey 
proteins in simulated milk ultrafiltrate, J. Dairy Res. 44 (1977) 509-20. 
Samuelsson, G., Dejmek, P., Trägårdh, G., Paulsson, M., Rennet coagulation of heat-
treated retentate from crossflow microfiltration of skim milk, Milchwissenschaft 52  
(1997a) 187-191.  
Samuelsson, G., Dejmek, P., Trägårdh, G., Paulsson, M., Minimizing whey protein 
retention in cross-flow microfiltration of skim milk, Int. Dairy J. 7 (1997b) 237-242.  
Sawyer, W.H., Complex between β-lactoglobulin and κ-casein. A review, J. Dairy Sci. 
52 (1969) 1347-1355. 
Sawyer, W.H., Coulter, S.T., Jenness, J., Role of sulfhydryl groups in the interaction of 
κ-casein and β-lactoglobulin, J. Dairy Sci. 46 (1963) 564-565. 
Saxena, A., Tripathi, B. P., Kumar, M., & Shahi, V. K., Membrane-based techniques for 
the separation and purification of proteins: an overview, Advances in Colloidal and 
Interface Science 145 (2009) 1-22. 
                                                                79
Schier, G., Paar, S., Ultrafiltration in der Molkerei-industrie-eine Renaissance, DMZ-
Lebensmitt. u. Milchw. 128 (2007) 22-25.  
Schmidt, R.H., Illingworth, B.L., Ahmed, E.M., Richter, R.L.J., The effect of dialysis 
on heat-induced gelation of whey protein concentrate, Food Proc. Pres. 2 (1978) 111-
121.  
Schmidt, R.H., Illingworth, B.L., Deng, J.C., Cornell, J.A., Multiple regression and 
response surface analysis of the effects of calcium chloride and cysteine on heat induced 
whey protein gelation,  J. Agric. Food Chem 27 (1979) 529-532.  
Singh, H., Havea, P.,  Thermal denaturation, aggregation and gelation of whey proteins, 
in Advanced Dairy Chemistry – 1, Proteins, 3rd Edition (ed. P.F. Fox and P.L.H. 
McSweeney), Kluwer Academic/Plenum Publishers, New York, USA (2003) 1262-
1286. 
Singh, H., Waungana, A., Influence of heat treatment of milk on cheesemaking 
properties, Int. Dairy J. 11 (2001) 543-551. 
Sorensen, E.S., Petersen, T.E., Purification and characterisation of three proteins isolated 
from the proteose peptone fraction of bovine milk, J. Dairy Res. 60 (1993) 189-197. 
St-Gelais, D., Haché, S., Whey syneresis of milk enriched with different retentate 
powders, Milchwissenschaft 50 (1995) 71-75. 
St-Gelais, D., Piette, M., Belanger, G., Production of Cheddar cheese using milk 
enriched with microfiltered milk retentate, Milchwissenschaft 50 (1995) 614-618. 
Steijns, J.M., Hooijdonk, A.C.M., Occurrence, structure, biochemical properties and 
technological characteristics of lactoferrin, Br. J. Nutr. 84 (2000) 11-17. 
Syväoja, E.-L., Korhonen, H., Determination of colostral immunoglobulins by gel 
filtration chromatography, IDF Special issue 9404, International Dairy Federation, 
Brussels (1994) 216-219.  
                                                                80
Swaisgood, H.E., Protein composition of milk, in Advanced Dairy Chemistry – 1, 
Proteins, 3rd Edition (ed. P.F. Fox and P.L.H. McSweeney), Kluwer Academic/Plenum 
Publishers, New York, USA (2003a) 141. 
Swaisgood, H.E., Protein composition of milk, in Advanced Dairy Chemistry – 1, 
Proteins, 3rd Edition (ed. P.F. Fox and P.L.H. McSweeney), Kluwer Academic/Plenum 
Publishers, New York, USA (2003b) 166. 
Swaisgood, H.E., Protein composition of milk, in Advanced Dairy Chemistry – 1, 
Proteins, 3rd Edition (ed. P.F. Fox and P.L.H. McSweeney), Kluwer Academic/Plenum 
Publishers, New York, USA (2003c) 156. 
Tanimoto, M., Kawasaki, Y., Dosako, S., Ahiko, K., Nakajima, I., Large-scale 
preparation of κ-casein glycomacropeptide, Biosci. Biotechn. Biochem. 56 (1992) 140-
141.  
Thomä, C., Krause, I., Kulozik, U., Precipitation behaviour of caseinomacropeptides 
and their simultaneous determination with whey proteins by RP-HPLC, Int. Dairy J. 16 
(2006) 285-293. 
Thomä-Worringer, C., Sørensen, J. López-Fandiño, R., Health effects and technological 
features of caseinomacropeptide, Int. Dairy J. 16 (2006) 1324-1333. 
Tolkach, A, Kulozik, U. Fractionation of whey proteins and caseinomacropeptide by 
means of enzymatic crosslinking and membrane separation techniques, J. Food Eng. 67 
(2005) 13-20. 
Tolkach, A., Kulozik, U., Fractionation of whey proteins and peptides by means of 
membrane techniques in connection with chemical and physical pretreatments, IDF 
Bull. 389 (2004) 143-147. 
Treblay, L., Laporte, A., Léonil , J., Dupont, D., Paquin, P., Quantitation of proteins in 
milk and milk products, in Advanced Dairy Chemistry – 1, Proteins, 3rd Edition (ed. 
P.F. Fox and P.L.H. McSweeney), Kluwer Academic/Plenum Publishers, New York, 
USA (2003) 54-55. 
                                                                81
Vaghela, M.N., Kilara, A., Foaming and emulsifying properties of whey protein 
concentrates as affected by lipid composition, J. Food Sci. 61 (1996) 275-280. 
van Bockel, M.A.J.S., Transfer of milk components to cheese; scientific considerations, 
IDF Bull. 9402 (1993) 19-28. 
van Hooydonk, A.C.M., de Koster, P.G., Boerrigter, I.J., The renneting properties of 
heated milk, Neth. Milk Dairy J. 40 (1987) 3-18. 
Veith, P.D., Reynolds, E.C., Production of a high gel strength whey protein concentrate 
from cheese whey, J. Dairy Sci. 87 (2004) 831-840. 
Vreeman H. J., Visser, S., Slangen, C. J., van Riel, J. A. M., Characterization of bovine 
κ–casein fractions and the kinetics of chymosin-induced macropeptide release from 
carbohydrate-free and carbohydrate-containing fractions determined by high-
performance gel-permeation chromatography, Biochemical J. 240 (1986) 87-97. 
Vuillemard J.C., Gauthier S.F., Richard J.P., Paquin, P., Development of a method for 
the measurement of the maximum value of emulsifying capacity of milk proteins,  
Milchwissenschaft 45 (1990) 572-575. 
Walstra, P., On the stability of casein micelles, J Dairy Sci 73 (1990) 1965-1979. 
Yamauchi., K., Shimizu, M., Kamiya, T., Emulsifying properties of whey protein, J. 
Food Sci. 45 (1980) 1237-1242. 
Young, V.R., Adult amino acid requirements: the case for a major revision in current 
recommendations, J. Nutr. 124 (1994) 1517-1523. 
Zirbel, F., Kinsella, J.E., Factors affecting the rheological properties of gels made from 
whey protein isolate, Milchwissenschaft 43 (1988) 691-694.
Zittle, C.A., Thompson, M.P., Custer, J.H., Cerbulis, J., κ-casein-β-lactoglobulin 
interactions in solution when heated, J. Dairy Sci 45 (1962) 897-810. 
                                                                82
Zulewska, J., Newbold, M., Barbano, D.M., Efficiency of serum protein removal from 
skim milk with ceramic and polymeric membranes at 50°C, J. Dairy Sci. 92 (2009) 
1361-1377. 
ISBN 978-952-60-3005-0
ISBN 978-952-60-3006-7 (PDF)
ISSN 1795-2239
ISSN 1795-4584 (PDF)
